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ABSTRACT 
 Recent advances in technology support the use of heterotrophic microalgae for the 
production of oils for bioenergy. Oil is extracted and the resultant product includes a 
combination of both partially deoiled microalgae (PDM) and soyhulls, resulting in an algae 
meal (ALG) with a unique profile of protein, fiber, and fat. However, this novel feedstuff and 
the role it may play in the ruminant diet has not been previously characterized. Since PDM is 
not available commercially to producers separate from soyhulls, the whole product was used 
for the current research. Thus, the ensuing research trials were designed to: 1) determine the 
impact of replacing soyhulls with the PDM portion of ALG on lamb total tract nutrient 
digestibility, 2) evaluate the effects of ALG when fed at the expense of corn on total tract 
nutrient digestibility of finishing lambs, and 3) identify the impact of replacing corn with 
increasing inclusions of ALG on steer performance, mineral status, carcass characteristics, 
and steak fatty acid composition. Within our first research objective PDM was readily 
consumed by lambs when included at up to 30% of the diet DM. Additionally, changes in 
digestibility of specific nutrients with increasing inclusions of PDM at the expense of 
soyhulls suggest that PDM is more characteristic of a concentrate than a fibrous feedstuff. 
Within our second research objective, ALG increased DMI as well as NDF, ADF, and ether 
extract digestibility. However, overall DM digestibility did minimally decrease. Still, results 
suggested that ALG is readily consumed by lambs and in relation to corn offers a comparable 
digestibility. Finally, the addition of ALG to feedlot diets showed minimal effect on live and 
carcass based performance. However, because DMI was linearly increased by ALG, feed 
efficiency decreased suggesting that ALG may have a lesser feeding value than corn. While 
no differences were noted in the PUFA, MUFA, SFA, or the ratio of PUFA-to-SFA in the 
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longissimus thoracis of ALG fed steers, there was a favorable linear decrease in the 
atherogenic index. Feeding ALG may offer producers a viable way to improve the health 
benefits of meat by favorably altering the fatty acid profile. The findings of our experiments 
suggest that ALG offers a unique nutrient profile and may be a viable component of ruminant 
diets. Further research is warranted to determine how this feedstuff will be best utilized in the 
livestock industry, including synergies with other feedstuffs and commonly utilized 
technologies as well as the role this feedstuff may have in supplementing high forage diets. 
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CHAPTER 1.  
GENERAL INTRODUCTION 
 The global population is anticipated to climb from 7.3 billion to 9.7 billion by the 
year 2050 (United Nations, 2015). This impending acceleration in the rate of urbanization 
means that by 2050 an estimated additional 1 billion tons of cereal grains and 210 million 
tons of meat will be needed (Bruinsma, 2009). Currently, an estimated 35% of the world 
consumption of cereal grains is utilized as feed for food-producing animals (Bruinsma, 
2002). By 2050, to keep up with a growing demand, soybean production will need to increase 
by 140% to almost 515 million tons (Bruinsma, 2009). In an effort to maintain human food 
security, the world need to be less reliant on the continued use of corn and soybean meal as 
an animal feedstuff. Therefore, alternative ingredients should be explored as replacements for 
major cereal grains in animal diets to help sustain growth in animal production and maintain 
human food security.  
 Novel feedstuffs may offer the opportunity to replace portions of cereal grains in 
animal diets; however, these feedstuffs must be characterized to be optimally utilized. The 
ruminant animal has the unique ability to convert what may otherwise be waste products into 
nutritious animal protein via fermentation and therefore may be an ideal target for the 
consumption of a novel feedstuff. Additionally, feedlot cattle represent a ready market for 
large quantities of novel feedstuffs. However, when classifying a novel feedstuff it is 
important to remember that the ruminant diet can directly influence subsequent carcass 
characteristics, and improving the quality and consistency of beef carcasses can provide 
positive economic implication and ultimately impact consumer demand.  
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 Various microalgae have been studied in animal diets tracing back to the 1950s (Lum 
et al., 2013). Unfortunately, the growth medium utilized to culture these phototrophic marine 
algae often results in increased concentrations of Fe, Cu, and Al, ultimately limiting inclusion 
in diets because of the potential for toxicity of micro- and macro minerals (Lodge-Ivey et al., 
2014). Recently however, a novel microalgae (Protheca moriformis) has become available 
for the production of bioenergy and oil. These microalgae are cultured heterotrophically, in 
dark fermenters with a defined growth medium which includes carbohydrate feedstock, 
macro- and micro minerals, and vitamins. Major minerals are provided in the form of salts of 
phosphorus, nitrogen, magnesium, sulfur, calcium, potassium and sodium. The carbohydrate 
feedstock can be corn syrup, inverted cane sugar, or dextrose/glucose.  This controlled 
growing environment results in an algae that may offer a more consistent nutrient profile than 
other sources of phototropic marine algae.  
 After the oil extraction process, the resultant algae meal (ALG) is comprised of both 
partially deoiled microalgae (PDM) and soyhulls. The inclusion of these two parts can vary 
based on the extraction process, however current research has been conducted with algae 
meal that contains either 57% PDM and 43% soyhulls, or 43% PDM and 57% soyhulls. This 
ALG, which would otherwise be a waste product, offers a unique nutrient profile compared 
to other algae feedstuffs and thus may play a viable role in the ruminant animal’s diet. Initial 
palatability work conducted by Van Emon et al. (2015) has shown that beef steers will 
readily consume ALG at up to 45% of diet DM. Additionally, the nutrient composition of 
ALG suggests that this feedstuff may serve as a valuable replacement for soyhulls or perhaps 
corn. The research presented in this thesis has sought to characterize this novel feedstuff and 
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its effects on ruminant digestibility, growth, performance, and carcass characteristics, as well 
as potential impacts on steak fatty acid profiles from steers fed ALG.  
Thesis Organization 
 The subsequent chapter will provide a detailed review of the literature in regards to 
previous algae supplementation in animal diets, the effects soyhulls can have in ruminant 
diets, the role associative effects play on the utilization of feedstuffs, and the impact other 
coproducts from the biofuel industry as well as other high fat feedstuffs have had on 
ruminant performance and meat fatty acid profiles. The remaining chapters will present 
research that has been accepted or submitted to the Journal of Animal Science. Specifically, 
chapter 3 reports on the impact of replacing soyhulls with the PDM portion of ALG on lamb 
total tract nutrient digestibility as well as the effects of ALG when fed at the expense of corn 
on total tract nutrient digestibility in finishing lambs. Chapter 4 specifically reports on the 
impact of replacing corn with increasing inclusions of ALG on steer performance, mineral 
status, carcass characteristics, and steak fatty acid composition. Finally, this thesis will 
conclude with a summary of research findings and suggestions for future research.  
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CHAPTER 2. 
REVIEW OF THE LITERATURE 
Microalgae for Human and Animal Consumption 
 Microalgae has been utilized by indigenous populations for centuries, with the first 
use by humans dating back 2000 years to the Chinese, who consumed algae to survive during 
times of famine (Spolaore et al., 2006). Still, it was not until the 1950’s that the present push 
to find alternatives to traditional animal feedstuffs like corn began. In the early 1950’s, with a 
growing world population and predictions of an insufficient protein and biofuel supply, two 
avenues of microalgae research began. Algal biomasses with their flexibility and unique 
ability to adapt to water and cultural conditions, allowing fresh water and arable land to be 
spared for crop production, appeared to be good candidates for protein and biofuel 
production.  
Microalgae for Human Protein Production 
 Many chemical compositions of microalgae sources have been published in the 
literature and while the nutritional values vary considerably they are largely characterized 
and most consistently reported across research reports by their protein, carbohydrate, and 
lipid content (Table 1). Of these various microalgae, only a few have been selected and 
utilized for large scale production, with Chlorella and Athrospira largely dominating the 
market (Spolaore et al., 2006; Becker, 2007). Other microalgae such as Dunaliella salina, 
Spirulina, and Aphanizomenon flos-aquae have also been utilized for commercial 
applications (Becker, 2007; Spolaore et al., 2006).  
Chlorella is a green single celled alga that can occur in both fresh and marine water 
(Dib, 2012).  This genus is a spherical, eukaryotic microalgae ranging from 5-10 µm in 
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diameter (Becker, 2007) with oil content ranging from 20-35% of its dried biomass (Spolaore 
et al., 2006). However, species, methods of cultivation, and the water quality of the 
production system can all alter the microalgae composition (Dib, 2012). According to 
Spolarore et al. (2006) Chlorella is produced worldwide by more than 70 different 
companies, with the largest production coming from Taiwan Chlorella Manufacturing and 
Co. in Taipei, Taiwan at 400 tons of dried biomass per year. Klötze, Germany also 
contributes 130-150 tons of dry biomass per year making them a significant producer of 
Chlorella. The annual worldwide sales of Chlorella as a protein supplement are estimated to 
be $38 billion (Yamaguchi, 1997).  
Arthrospira is a photosynthetic, multicellular organism that is spiral shaped and can 
reach lengths of about 0.5 mm (Becker, 2007). This microalgae formerly known as blue-
green is now classified as a cyanobacteria due to its prokaryotic structure. A large portion of 
Arthrospira is produced in protein deficient countries such as China and India. According to 
Spolaore et al. (2006) the world’s largest producer of this microalgae is Hainan Simai 
Enterprising in the Hainan province of China producing 200 tons annually and accounting for 
almost 10% of the output worldwide. Arthrospira products for human protein 
supplementation are distributed in over 20 countries in the form of tablets and powder, 
however various companies are now beginning to market this microalgae in the form of 
chips, pastas, and liquid extracts (Spolaore et al., 2006).  
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Table 1. General chemical composition of different algae species (% of dry matter) 
Species Protein Carbohydrate Lipid 
Anabaena cylindrical1,2 43-56 25-30 4-7 
Aphanizomenon flos-aquae3 62 23 3 
Chlamydomonas rheinhardii1 48 17 21 
Chlorella pyrenoidosa3 57 26 2 
Chlorella vulgaris1,2 51-58 12-17 14-22 
Dunaliella salina1 57 32 6 
Euglena gracilis3 39-61 14-18 14-20 
Porphyridium cruentum1 28-39 40-57 9-14 
Scenedesmus obliquus1 50-56 10-17 12-14 
Spirogyra2 6-20 33-64 11-21 
Arthrospira maxima2 60-71 13-16 6-7 
Spirulina maxima1 60-71 13-16 6-7 
Spirulina platensis3 46-63 8-14 4-9 
Synechococcus1,2 63 15 11 
1Adapted from Spolaore et al. (2006)  
2Adapted from Lum et al. (2013) 
3Adapted from Becker (2007) 
 
Microalgae for Biofuel Production 
 Marine based microalgae are able to isolate carbon dioxide and can be utilized to 
produce renewable biofuels such as methane, biohydrogen, and biodiesel from algal oil 
through anaerobic processing (Hughes et al., 2012). Microalgae grown at only 30% oil 
content by weight is 130 to 338 times greater in land use efficiency than conventional 
feedstuffs such as soybeans and corn, respectively, which are commonly utilized for 
biodiesel production (Chisti, 2007). According to a report by Chisti (2007) microalgae 
appears to be the only source of renewable biodiesel that is capable of meeting large scale 
global demands for an alternative to petroleum fuels. However, the production of microalgal 
biomass tends to be more expensive than growing crops and only two large-scale production 
methods are utilized, raceway ponds and photobioreactors (Chisit, 2007). While 
 8  
 
 
 
photobioreactors are likely to be used for much of the microalgal biofuel production due to 
their ability to produce large quantities of microalgal biomass these still remain largely cost-
ineffective compared to petroleum (Chisti, 2007; Lum et al., 2013). Additionally microalgae-
based biodiesel production also requires a significant amount of water and nutrients. To 
produce 1 kg of biodiesel in freshwater without any recycling, 3726 kg of water, 0.33 kg of 
nitrogen, and is required 0.71 kg phosphate (Yang et al., 2011). Recycling harvest water 
however reduces the usage of water by 84% and nutrients by 55% (Yang et al., 2011). Still 
using sea or wastewater decreases the water requirement by 90% and eliminates the need for 
all additional nutrients except for phosphates (Yang et al., 2011). With the resource and cost 
limitations of utilizing algae for biofuel production, corn and soybeans are being used with 
increased intensity to meet demands for biodiesel and bioethanol production. However, corn 
and soybeans are staples for human consumption as well as conventional feedstuffs for 
providing protein and energy to livestock. With a rising global population and the expansion 
of animal production a serious threat may exist for nutritional security for humans and 
livestock. Therefore, utilizing defatted microalgae as a feed would not only create a new 
source of animal feed with minimal competition to the human food supply, but also 
potentially add an additional income stream to increase the likelihood of sustainability of 
microalgae production. 
Microalgae in Animal Nutrition 
 Although microalgae in animal diets has been studied as far back as the 1950’s, this 
has consisted mainly of whole microalgae supplementation and feeding sewage-grown 
microalgae. Only in recent years has the literature reported attempts to feed lipid-extracted 
microalgae in animal diets (Lum et al. 2013). One of the main targets for domestic animal 
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feed has been poultry rations due to the promising prospect for commercial use (Becker, 
2007). To assess broiler ileal digestibility Evans et al. (2015) fed 1,000 1-day-old Hubbard × 
Cobb 500 broiler chicks (n = 200/treatment) from a commercial hatchery either a 
corn/soybean meal based control diet or diets containing 6, 11, 16, and 21% of a 
commercially available Spirulina algae, where algae replaced soybean meal. No differences 
were reported for ending BW, live weight gain, and feed intake in birds fed 0, 6, 11, or 16% 
algae; however, birds fed 21% algae had lesser ending BW, lesser live weight gains and 
consumed the least amount of feed relative to all other treatments. Interestingly, all diets 
containing spirulina algae resulted in greater digestible methionine values in broilers than 
their traditional corn/soyhull-fed counterparts. In a study by Austic et al. (2013) a defatted 
algae biomass (Staurosira sp.) replaced 7.5% of soybean meal in the diets of 40 2-day-old 
broilers (n = 20/treatment). The birds demonstrated decreased live weight gain and feed 
efficiency for the first three weeks of the experiment; however, these differences were no 
longer observed during the following three weeks. In the same study, when broilers were fed 
the same diet and supplemented with methionine and lysine growth performance was 
restored to control levels. While Evans et al. (2015) noted greater digestible methionine 
values in broilers, it is important to note that the Spirulina algae fed in that trial had over 3 
times the methionine than the staurosira algae utilized by Austic et al. (2013). These 
differences across species of algae make comparisons across trials challenging. In another 
trial by Leng et al. (2014) 75 Babcock White leghorn laying hens (47 wk old; initial BW of 
1.57 ± 0.20 kg; n = 25/treatment) were fed diets containing a defatted diatom microalgal 
biomass (Staurosira sp.) from biofuel production (Cellana, Kailua-Kona, HI) substituting for 
a corn-soybean meal diet. While no differences were noted when the microalgae was fed at 
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7.5%, when inclusion increased to 15% this resulted in decreased feed intake, decreased egg 
production and decreased efficiency of feed utilization. However, Ekmay et al. (2014) 
reported that when 15% of a defatted green microalgal biomass (Desmodesmus sp.; Cellna, 
Kailua-Kona, HI) replaced a corn-soybean meal diet broilers had a 16% greater feed 
efficiency than their control-fed counterparts over a 42 day period.  
 Defatted algal biomass derived from biofuel production has also recently shown 
feasibility in replacing corn and soybean meal in swine diets. Research with a defatted green 
microalgal biomass (Desmodesmus sp.; Cellna, Kailua-Kona, HI) fed to replace 10% of a 
corn-soybean meal diet in weanling Yorkshire × Hampshire × Landrace pigs (n = 32) showed 
no difference in overall growth performance; however, over the 42 d feeding period the algae 
fed pigs had 23-39% lesser plasma urea nitrogen concentrations (Ekmay et al., 2014). Isaacs 
et al. (2011) directly replaced soybean meal in the diets of 27 weanling pigs (BW = 10.69 ± 
0.22 kg) with either 6.6% of a whole fat diatom microalgae (Staurosira spp.) or 7.2% of a 
defatted diatom microalgae biomass (Staurosira spp.) for 6 weeks and reported no negative 
effects on BW gain or overall health status. In a follow up study weanling pigs (BW = 13.4 ± 
1.6 kg; n = 8/treatment) were fed a corn-soybean meal based control or 7.5%, or 15% 
defatted diatom microalgae biomass (Staurosira spp.) in replacement of a combination of 
soybean meal and corn for 6 weeks (Lum et al., 2012). Compared to control fed pigs, overall 
ADG and feed efficiency were decreased 9 and 11%, respectively for pigs fed the 15% algae 
diet, and in pigs fed the 7.5% algae diet feed efficiency was decreased 8% compared to their 
control-fed counterparts. Gatrell et al. (2014) speculated that feeding these higher 
concentrations of microalgal biomass may have been less well tolerated by weaned pigs due 
to high ash, sodium and silica content which have been shown to adversely affect health 
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status and growth by altering dietary electrolyte balance. High concentrations of ash have 
become a common concern of algae coproducts from the biofuel industry (Gatrell et al., 
2014). Dib et al. (2012) also reported similar results with final BW, ADG, and feed 
efficiency decreasing when finishing crossbred barrows (BW = 42.3 ± 3.4 kg; n = 40) were 
fed diets containing algae (Chlorella sp.) grown in an open pond system. Diets consisted of a 
soybean meal based control, 5% algae meal, 10% algae meal, 15% algae meal, and 20% 
algae, where algae replaced a combination of corn and soybean meal on a DM basis. While 
species and nutrient composition differences makes comparison across trials challenging, it is 
possible that the high ash and high sodium contents of these algal products are potentially 
driving the decreases in performance noted at greater dietary inclusions.  
 Due to the increased fiber commonly found in these algal coproducts, which may be 
less utilized by monogastrics, recent literature supports the use of these coproducts in 
ruminant diets (Dib et al., 2012). Dib et al (2012) reported feeding 40 finishing yearling 
crossbred wethers (45.2 ± 7.72 kg) algae (Chlorella sp.) grown utilizing a production method 
of photosynthetic growth in a fresh water open pond system. Wethers were fed 1 of 5 diets: a 
soybean meal and rice meal control and 5, 10, 15, and 20% algae where algae served as a 
protein replacement for soybean meal and rice meal on a DM basis. Over the 28 d feeding 
period algae-fed lambs maintained similar growth and carcass characteristics as their control-
fed counterparts (Dib et al., 2012). However, 28 d is a short feeding period and may not have 
been long enough to discern differences between treatments. Meale et al. (2014) 
supplemented 44 Canadian Arcott ewe and ram lambs (BW = 22.7 ± 3.90 kg) with 1, 2, or 
3% marine algae (Shizochytrium sp.; DHA-Gold) as a replacement for a flax oil and barley 
grain based control and saw no differences in DMI, ADG, G:F, and wool quality. Lambs 
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were slaughtered at a live weight of ≥ 45 kg in 2 lots, the first lot was slaughtered on d 105 
and the second lot on d 140, and carcass characteristics were also not different except for 
body wall thickness which showed a quadratic response to increases in marine algae 
supplementation. In other work with finishing lambs, Hopkins et al. (2014) supplemented 3 
month old Poll Dorset × Border Leicester ×Merino wether lambs (n = 40; BW = 34.8 ± 2.5 
kg) a diet with commercially available DHA-Gold algae (Martek Biosciences Corporation, 
Maryland, USA). Lambs were fed either a control diet based on oats and lupins (n = 20) or 
the control diet with 1.92% DHA-Gold (n = 20). Over the 58 day feeding period no 
differences in performance or hot carcass weight were noted in the algae-fed lambs when 
compared to control-fed lambs.  
In dairy cattle, Moate et al (2012) reported that when 32 multiparous Holstein cows in 
mid lactation (BW = 571 ± 48.1 kg; days in milk = 163 ± 9.2) were supplemented with 0, 
125, 250, or 375 g of algae on a DM basis (DHA-Gold, Martek Biosciences Corporation) 
intake of alfalfa linearly decreased by 16%. Also, milk fat and consequently milk fat yield 
decreased by almost 24% with the addition of algae. However, work by Drewery et al. (2014) 
used 5 steers (BW = 198.2 ± 6.1 kg) with ruminal and duodenal cannulas in a 5 × 5 Latin 
square with 0, 5, 100, or 150 mg N/kg BW postextraction algal residue (Chlorella sp.) as a 
protein supplement and reported that when 100mg N/kg BW was provided organic matter 
digestibility of straw a low quality forage was maximized. While varying results on growth 
performance and carcass characteristics of ruminants fed algae have been noted, is it 
important to remember that these algae feed stuffs can vary greatly based on growth medium 
and production methods. Due to the potential for beneficial nutrients from microalgae, 
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supplementation of food animals has opened a new gateway to making value-added animal 
products that could potentially improve human health.  
Microalgae for Value-Added Animal Products 
 Microalgae can be cultivated to contain specific nutrients including advantageous 
fatty acid profiles that are rich in omega-3 (n-3) PUFA and can include arachidonic acid, 
docohexaenoic acid (DHA), and eicosapentaenoic acid (EPA; Spolaore et al., 2006). Perhaps 
the most studied of these is DHA, which is a major structural fatty acid and is a key 
component of heart tissue, the retina of the eye, and is found in the grey matter of the brain 
(Spolaore et al., 2006). Ao et al. (2015) fed a corn-soybean meal control or supplemented 1, 
2, and 3% of dehydrated whole-cell microalgae (Schizochytrium limacinum; All-G-Rich, 
Alltech Inc.) to 120 layer hens (45 weeks old) for 32 weeks. Six replicate groups of 5 hens 
were randomly assigned to the 4 treatments and 3 eggs per replicate group were collected 
after diets had been fed 4 weeks for analysis of fatty acid concentration and 6 eggs were 
collected after 25 weeks to determine egg, yoke, and shell quality. The DHA content of egg 
yolk linearly increased by almost 32% with increasing inclusion of algae in hen diets with no 
negative impacts on egg quality or production performance of layers. Similarly, Park et al. 
(2015) fed a corn based control or diets containing either 0.5 or 1.0% of marine microalgae 
powder (Schizochytrium) to 216 brown commercial layers for 46 weeks. There were 12 
replicates of 6 hens per treatment and 4 eggs per replicate were randomly collected at weeks 
40, 43, and 46 to determine egg quality and at the end of the 46 weeks 4 eggs per replicate 
were collected for determination of fatty acid composition. Both the concentration of yolk 
DHA and eggshell thickness linearly increased, while omega-6 (n-6) concentrations linearly 
decreased as microalgae increased in the diet. Research has suggested that excessive intake 
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of n-6 relative to n-3 fatty acids was associated with an increase in inflammatory disease and 
cardiovascular heart disease (Hibbeln et al., 2006).  Microalgae has also been successfully 
utilized in swine diets to manipulate fatty acid composition of meat. Sardi et al. (2006) fed 60 
Landrace × Large White borrows (118 ± 6.7 kg) for 8 weeks. Diets consisted of a control diet 
in which pigs received a traditional corn soybean meal diet, or 1 of 3 diets containing dried 
marine algae product high in DHA (Schizochytrium sp.): 2.5 g of algae/kg of diet for 8 
weeks, 5.0 g of algae/kg of diet for the last 4 weeks, and 2.5 g of algae/kg of diet for the last 
4 weeks, where algae replaced corn on an as fed basis. The fatty acid composition of the 
longissimus dorsi and of the subcutaneous fat was determined for 15 pigs per treatment. 
Barrows receiving any amount of algae for any duration had higher DHA concentrations in 
both their loin and subcutaneous fat with the barrows being fed 2.5 g/kg for 8 weeks and the 
barrows being fed 5.0 g/kg for 4 weeks having the greatest concentrations.   
 Likewise, when microalgae has been supplied in the feed of ruminants, fatty acid 
content of milk and meat has been successfully altered. Franklin et al. (1999) fed nine 
primiparous Brown Swiss and 21 multiparous Holsteins in mid lactation (average days in 
milk = 145.4; n = 3 Brown Swiss and 7 Holsteins per treatment) a control diet consisting of 
alfalfa hay, corn silage, and corn grain or a control diet or a treatment diet supplemented with 
910 g of marine algae (Schizochytrium sp.; Omega Tech, Inc., Boulder, CO) that was 
protected against rumen biohydrogenation or 910 g daily of the same algae unprotected.  
Milk samples were composited by cow each week for fatty acid analysis. While the inclusion 
of both protected and unprotected algae did increased the concentrations of DHA in milk, 
algae inclusion also decreased DMI and the percentage of fat in the milk by over 21 and 
20%, respectively. Similar results were seen in an experiment by Boeckaert et al. (2008) who 
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noted increased DHA concentrations in milk from dairy cows and decreased intake and milk 
fat content when feeding 9.35 g/kg of total DMI of DHA-enriched microalgae 
(Schizochytrium sp.; DHA Gold, Martek Biosciences Corp.).  This experiment utilized 3 
ruminally-cannulated Holstein-Friesian cows in mid lactation (BW = 612 ± 32 kg; Days in 
milk = 172 ± 45) to examine milk fatty acid composition responses to algae feeding over 20 
d. Milk was sampled from cows fed a control diet of grass silage, corn silage, wheat, straw, 
rapeseed meal, soybean meal, and cane molasses 2 days before algae supplementation began. 
Algae was fed for 3 weeks in equal portions in the morning and evening and feed refusals 
were placed into the rumen via the cannula to ensure each cow had its allotment of DHA. 
After the algae was fed the TMR was offered ad libitum. Milk was collected every 2 days 
and pooled between morning and evening milking for fatty acid analysis. In research 
previously discussed by Hopkins et al. (2014) where growing lambs were supplemented with 
approximately 1.92% DHA Gold algae, DHA content was almost 8 times greater in the 
longissimus thoracis of algae fed lambs compared to their corn-fed counterparts with no 
effect on performance or carcass weight. In fact, the EPA + DHA content of meat from algae 
fed lambs was greater than 60 mg/135 g of meat which was similar to the amount found in 
non-oily fish (William, 2007). Phelps et al. (2015) fed 288 heifers (BW = 502 ± 29 kg; n = 
36 pens; 8 heifers/pen) 1 of 4 treatments. Diets contained steam-flaked corn, wet corn gluten 
feed, alfalfa hay, glycerin, supplement and 0, 50, 100, or 150 g/d microalgae meal 
(Schizochytrium limacinum CCAP 4087/2, Alltech Inc., Nicholasville, KY). Heifers were 
harvested on d 89 and 3 heifers were randomly selected and the longissimus lumborum was 
collected for fatty acid analysis and sensory attributes. While there was a quadratic increase 
in concentrations of both EPA and DHA as algae increased in the diet, a trained sensory 
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panel also reported a quadratic decrease in off flavors with the increased concentrations of 
algae in the diet. The use of microalgae in animal feed may offer the unique opportunity to 
produce food products for human consumption with increased health benefits. However, the 
potential of utilizing EPA and DHA enriched eggs, meat, and milk for improving human 
health has yet to be explored fully. Minimal research has been done to determine the demand 
and willingness of consumers to pay for DHA enriched food products; however, one survey 
of 7,497 Canadian households reported that as people age or if they have children they are 
they are more likely to purchase n-3 products (Chase et al., 2009). Further research is needed 
to determine consumers’ willingness to pay for n-3 products as well as to assess consumers’ 
knowledge of various n-3 fatty acids and the associated health benefits.  
Limitations of Microalgae as a Feedstuff 
 While microalgae has shown promise as a feedstuff for animals with the potential to 
provide beneficial nutrients to humans, the variability among nutrient profiles creates 
limitations for this novel feedstuff. With over 200,000 existing algal species it is no surprise 
that some of these species can contain toxins including purines and heavy metals (Lum et al. 
2013). Certain algal species rapidly accumulate heavy metals, often at concentrations even 
higher than their surroundings and no regulations currently exist for these algal products 
(Becker, 2004). Even though microalgae tends to be relatively high in crude protein the 
presence of non-protein N could potentially limit the usability of microalgae as a feedstuff 
(Lum et al. 2013). While ruminal bacteria are effective in utilizing this non-protein N, simple 
stomached animals lacking pre-gastric microbes are incapable of utilizing non-protein N 
ultimately limiting the viability of this feedstuff in these animals. It has been reported that 
30% of the current world algae production is sold for animal feed (Becker, 2004); however, it 
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is important to know that aquaculture is included in this figure. The use of microalgae in 
animal feed may potentially offer many economic benefits, including improved animal and 
human food security and helping to offset the costs of biofuel production.  
Production of Heterotrophic Microalgae  
 Recent advances in technology have supported the large scale production of a novel 
heterotrophic microalgae (Protheca moriformis). These microalgae are cultured in a defined 
medium which includes a carbohydrate feedstock, major and trace minerals, and vitamins. 
Major minerals are provided in the form of salts of phosphorus, nitrogen, magnesium, sulfur, 
calcium, potassium, and sodium. These microalgae can be grown utilizing a variety of 
carbohydrates such as corn syrup, inverted cane sugar, or dextrose/glucose. This genetically 
modified microalgae is utilized to produce oils for lotions and cosmetics, food grade oils, and 
bioenergy. Through the oil extraction process the partially deoiled microalgae (PDM) is 
combined with soyhulls to create a novel algae meal (ALG). The inclusion of soyhulls can 
vary depending on the extraction process however concentrations are typically between 43 
and 57%. Additionally, the controlled media utilized to culture the microalgae limits the 
accumulation of ash and heavy metals that can be toxic to ruminants. This combined with a 
favorable combination of protein, fiber, and fat could potentially allow this novel feedstuff to 
be included at much greater inclusions in ruminant diets than previously studied microalgae. 
The Role of Soyhulls in the Ruminant Diet 
 Soybean hulls, or soyhulls, are a byproduct of the soybean processing industry and 
are mainly composed of fiber. However, soyhulls are often utilized as a replacement for both 
grains and forages in ruminant diets. Soyhulls also play an important role in the production of 
algae meal (ALG). Through the oil extraction process soyhulls are combined with partially 
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deoiled microalgae (PDM) creating a nutrient profile that is unique compared to other algal 
feedstuffs. The amount of soyhulls in ALG can vary (43%-57%); however, since it does 
comprise a significant portion of this feedstuffs the nutrient value and the effects soyhulls can 
have on ruminal fermentation characteristics are important points of discussion in classifying 
this novel feed.  
Nutritional Value of Soyhulls 
 Soyhulls consist primarily of the outer covering of the soybean; however, both 
soybean mill feed and soybean mill run contain soyhulls and are available to the animal feed 
industry (Ipharraguerre and Clark, 2003). These two feedstuffs can vary drastically in 
nutritional composition despite the fact that they are both occasionally classified as soyhulls; 
as soybean mill run and soybean mill feed contain portions of soybean meat as well as the 
hulls (Titgemeyer, 2000). Other factors such as genetic differences among plants, 
environmental conditions and management practices can affect the final seed composition of 
soybeans and thus can affect the nutrient profile of soyhulls (Westgate et al., 2000). After 
soybeans arrive at the plant they are graded, cracked, and cleaned. During the cleaning 
process hulls are removed and oil is removed from the beans by a solvent process resulting in 
soybean meal. Soybean meal is sold as 48% CP or 44% CP where hulls are blended back into 
the meal to yield the lower 44% CP product (eXtension, 2008). Differences in nutrient value 
for soyhulls are often noted suggesting that some soybean meal may be left behind with the 
hulls if they are not thoroughly cleaned.   
 While chemical composition of soyhulls can vary widely among sources the NRC 
(2000) lists soyhulls (seed coats) as having 12.2% CP, 2.10% ether extract (EE), and 66.3% 
NDF. However, Anderson et al. (1988) reported well-cleaned soyhulls as having a CP of 
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9.4% and a NDF of 73.7%. Conflictingly, Batajoo and Shaver (1998) noted soyhulls as 
having a CP of 19.2% and a NDF of 53.4. However, this may be a case where either soybean 
mill run or soybean mill feed is mistakenly classified as soyhulls. Fat content has also been 
shown to be variable, ranging from 0.8 (Belyea et al., 1989) to 5.75% (DePeters et al. 1997). 
Additionally, in a review by Ipharraguerre and Clark (2003) the chemical composition of 
soyhulls from 27 research publications was summarized, and they reported an average CP of 
11.8%, an average NDF of 65.6%, and an average EE of 2.7%. Also, Titgemeyer (2000) 
argued that since both positive and negative associative effects regarding rate of digestion as 
well as pH and rate of passage from the rumen may be observed for diets containing 
soyhulls, the standardized book values for soyhulls are almost without value and the 
nutritional value of soyhulls should be based on the feeding regimen.  
 The physical processing of the soyhulls can also alter the feeding value for ruminants. 
Soyhulls have a very low bulk density (170 kg/m3; Anderson et al., 1988), and therefore are 
usually ground or pelleted to lessen shipping costs (Titgemeyer, 2000). In a lamb digestibility 
trial, Anderson et al. (1988) evaluated the effects of grinding and pelleting on apparent DM 
and NDF digestibility of soyhulls. Twenty-four Suffolk × Rambouillet × Finn wethers (BW = 
33 ± 2 kg) were fed equal intakes of 1 of 8 diets in a randomized complete block design in 2 
periods to achieve 6 observations per treatment. Diets consisted of a corn based control and 7 
soyhull based diets where soyhulls comprised about 50% of the diet: whole soyhulls, ground 
soyhulls (1.5 mm), pelleted with no addition, pelleted with water as a binder, pelleted with 
6% molasses as a binder, pelleted with 4% molasses as a binder, and pelleted with water and 
Masonex as a binder. Pellets were made from whole soyhulls and pelleted through a 0.95 cm 
× 7.62 cm die. Periods consisted of 9 d of dietary adaptation and 7 d of total fecal collection. 
 20  
 
 
 
At equal intakes the DM and NDF digestibility of lambs fed the ground soyhull diet was less 
than the whole soyhull diet, and less than the mean of the pelleted soyhull diets (DM 
digestibility = 65.8, 68.0, and 68.2 ± 0.8% for ground soyhull diet, whole soyhull diet, and 
pelleted soyhull diets, respectively; NDF digestibility = 60.9, 64.1, and 63.9 ± 1.2% for 
ground soyhull diet, whole soyhull diet, and pelleted soyhull diets, respectively). 
A follow-up lamb digestibility trial was conducted by Anderson et al. (1988) to 
evaluate grinding and pelleting size of soyhulls compared to whole soyhulls. Sixty-six 
Suffolk × Rambouillet × Finn wethers (BW = 39 ± 1.9 kg; n = 6/treatment) were fed 1 of 11 
randomly assigned diets: a whole soyhull control, soyhulls ground to 4.8 mm, soyhulls 
ground to 3.2 mm, soyhulls pelleted through a 9.5 mm die, soyhulls pelleted through a 4.8 
mm die, soyhulls pelleted through a 9.5 mm die, crumbled, and repelleted through a 4.8 mm 
die, soyhulls pelleted through a 4.8 mm die, crumbled, and repelleted through a 4.8 mm die, 
and soyhulls ground to 25.4, 12.7, 6.4, or 4.8 mm and pelleted through a 4.8 mm die. Lambs 
were allowed a 9 d adaptation period followed by 7 d of total fecal collection. Feed was 
offered to lambs at approximately 110% of ad libitum intake. No differences were noted in 
DM or NDF digestibility across treatments in this trial, however. Additionally, Anderson et 
al. (1988) conducted a growth trial using 168 Hereford × Angus steers (BW = 235 ± 6 kg; n 
= 24/treatment) to assess the differences between corn, ground soyhulls, and whole soyhulls 
when supplemented as an energy source. Seven diets were utilized consisting of a basal 
control (Indian grass, alfalfa hay, and ammonia treated oat straw fed ad libitum) or cracked 
corn, ground soyhulls, or whole soyhulls top dressed at 1.05 or 2.1 kg of DM/d. While no 
differences were noted between ground or whole soyhulls on daily gain at either feeding rate, 
when steers were fed 2.1 kg of DM/d, feed efficiency was lesser for the ground soyhull-fed 
 21  
 
 
 
steers compared to their whole soyhull-fed counterparts (0.105 and 0.120, respectively). The 
authors suggest that fine grinding may have increased the passage rate of soyhulls even when 
the effect of intake was removed. This suggests that passage rate of ground soyhulls may be 
even greater at increased dry matter intakes, which may explain the decreased feed efficiency 
seen in the ground soyhull-fed steers. Collectively, this suggests that feeding ground soyhulls 
at increased DMI may result in increased passage rates and thus a decreased feeding value of 
soyhulls.  
Passage Rate of Soyhulls 
 The nutritional value of soyhulls can also be affected by the rate at which they are 
digested and the rate at which they pass from the rumen.  DePeters et al. (1997) collected 
whole soyhulls from three different sources for the characterization of digestion in situ. A 
nonlactating, nonpregnant Holstein cow (BW = 650 kg) with a ruminal cannula was fed 20 
kg of 5% cracked corn, 5% wheat mill run, 5% citrus pulp, 5% beet pulp, 5% rice bran, 5% 
molasses, 15% chopped Lucerne hay, 54% chopped oat hay, 0.5% fat, and 0.5% trace 
mineral mix. Soyhulls (approximately 1 g) were incubated in triplicate by source for 0, 1, 2, 
4, 8, 16, 24, 36, 48, and 72 h, with nylon bags being placed in the rumen at different times 
and removed at a single end timepoint. The DM disappearance rate ranged from 4.4% to 
5.0%/h with an average DM disappearance rate of 4.7 ± 0.3%/h. Similarly, Batajoo and 
Shaver (1998) utilized 3 multiparous Holstein cows (BW = 629 ± 43 kg; 200 ± 18 days in 
milk) fitted with rumen cannulas and fed a 55% alfalfa silage and 45% concentrate diet to 
determine the in situ digestion of whole soyhulls from a single source. Dacron bags 
containing approximately 6 g of feed were immersed in duplicate at 2, 4, 6, 12, 24, 48, and 
72 h and all removed as a group. The DM rate of degradation for soyhulls was reported to be 
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of 3.9%/h. Additionally, Anderson et al. (1988) conducted in situ and in vitro trials to 
determine NDF digestion of whole and ground soyhulls. The in situ trial was conducted with 
4 ruminally cannulated steers fed alfalfa hay. Replicate bags of 1 g of sample were placed in 
each of the four steers for 4, 8, 12, 24, 48, and 96 h. The in vitro batch culture system was 
conducted using rumen fluid from the same steers, similar sampling times and 0.5 g of 
sample. Two runs with triplicate samples within run were utilized. For the in situ trial there 
was no effect of processing on digestion, with 94.7% of the NDF for whole soyhulls and 
95.3% of the NDF for ground soyhulls being digested after 96 h, with a digestion rate of 7.0 
and 7.5%/h, respectively. There was also no effect of grinding on in vitro NDF digestion with 
whole soyhulls being 92.3% digested at 96 h and having a digestion rate of 5.4% and ground 
soyhulls being 92.1% digested at 96 h and having a digestion rate of 6.8%. These data 
collectively suggest that rumen microbes are capable of extensively fermenting soyhulls at 
high rates. Additionally, grinding may have little effect on the fiber digestibility of soyhulls 
when significant amounts of time are allowed for digestion. However, rate of passage is 
unlikely to support retention of soyhulls in the rumen for this extensive length of time, and 
the presence of other fibrous or concentrate ingredients would also likely influence the extent 
of NDF digestion.  
 Despite the apparent rapid and almost complete fermentation of soyhulls by rumen 
microbes, in vivo digestion appears to be less extensive than in situ and in vitro 
disappearance. Quicke et al. (1959) conducted an in vitro experiment followed by a sheep 
digestibility trial to determine the digestibility of cellulose from soyhulls. The continuous 
culture in vitro experiment was conducted with three experiments and each sample was run 
in duplicate for each experiment. Three sheep were utilized for the digestibility trial and 
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soyhulls were fed ad libitum without hay or concentrate. No cases of bloat were noted, 
however the authors did report that sheep had very soft feces. Each trial consisted of 10 d of 
dietary adaptation and 10 d of total fecal collection. While in vitro cellulose digestibility for 
soyhulls was 96.2% at 48 h, in sheep the cellulose digestibility was only 47.2%. The authors 
speculated that under the conditions of the trial, with soyhulls provided as the sole feed, 
passage rate through the rumen may have been too rapid to permit maximum cellulose 
digestion. Additionally limitations exist with in vitro work as the potential influence from the 
host animal is not accounted for. In other work by Nakamura and Owen (1989), 12 
multiparous Holstein cows (BW = 545 kg; 130 days in milk) were utilized to determine the 
digestibility of soyhulls. Cows were randomly assigned to 1 of 3 diets: a corn fed control, 
25% soyhulls, and 47.7% soyhulls, where soyhulls replaced corn on a dry matter basis. All 
diets included 50% forage as alfalfa silage. Dry matter digestibility linearly decreased as 
soyhulls increased in the diet (69.9%, 68.6%, and 61.3% for control, 25% soyhulls, and 
47.7% soyhulls respectively). These DM digestibility numbers are much lower than what has 
been reported with in vitro and in situ studies, suggesting additional limitations for the 
digestion of soyhulls are occurring in the ruminant animal.  
 These differences in digestibility noted from in vitro experiments to the live animal, 
may be explained by the smaller particle size and increased specific gravity of soyhulls as 
this can result in an increased passage rate (Grant, 1997). Weidner and Grant (1994) 
determined the initial specific gravity for 60% of soyhull particles ranged from 1.2 to 1.4; 
however, when these soyhulls were allowed to incubate for 3 h in the rumen of a cow 
receiving a 60% forage diet without soyhulls the specific gravity of most particles increased 
to greater than 1.4. However, Bhatti and Firkins (1995) analyzed the functional specific 
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gravity of soyhull samples after 0.5, 4, 8, and 27 hours of incubation. Ruminal fluid for the in 
vitro incubation was collected from a ruminally cannulated cow fed grass and legume hay. 
They reported soyhulls having a specific gravity ranging from 1.35 to 1.48 over a 27 h 
incubation in vitro, with specific gravity actually numerically decreasing as incubation time 
increased. As a point of reference, in another experiment by Bhatti and Firkins (1995) the 
specific gravity of ground alfalfa was determined to be between 1.026 to 1.129 over 27 h of 
incubation and distillers grains ranged from 1.237 to 1.153 over 27 h of incubation. These 
data suggest that perhaps the increased passage rate of soyhulls can be explained by their 
high specific gravity.  
 Nevertheless, other factors such as diet composition and feed intake may also play a 
role in the rate of passage of soyhulls in ruminants. Nakamura and Owen (1989) fed 12 
multiparous Holstein cows (BW = 545 kg; 130 days in milk) diets in which soyhulls replaced 
corn to supply either 25 or 47.7% of dietary DM. These diets also contained 50% alfalfa 
silage as a forage source. Passage rate of the alfalfa silage and soyhulls was determined by 
binding Yb to alfalfa silage and Er to soyhulls. Though not statistically different the rate of 
passage of soyhulls was 8% faster when soyhulls comprised 47.7% of the diet compared to 
25% of the diet (9.3 and 10.0%/h for soyhulls fed at 25% of the diet and soyhulls fed at 
47.7% of the diet, respectively). Also, the passage rate for soyhulls fed at either concentration 
was almost double compared to the alfalfa silage (9.3, 10.0, and 5.4%/h for soyhulls fed at 
25% of the diet, soyhulls fed at 47.7% of the diet and for alfalfa silage, respectively). 
Nakamura and Owen (1989) suggested that the 8% increase in passage rate may help explain 
the differences noted in fiber digestibility when soyhulls were fed at 47.7%. Similarly, 
Weidner and Grant (1994) fed three ruminally fistulated Holstein cows in early lacation in a 
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3 × 3 Latin square design to assess the effect of soyhulls and soyhulls with coarsely chopped 
hay on passage rate. Diets consisted of a control diet of 60% forage (alfalfa:corn silages fed 
1:1 on a DM basis) without added soyhulls, a high soyhull diet in which 24% soyhulls 
replaced the silage mixture, and a high soyhull diet with 24% soyhulls and 20% coarsely 
chopped alfalfa hay. The concentrate portion of these diets remained constant and included 
shelled corn, soybean meal, and dried distillers grains. Passage rate was determined by 
utilizing Er as an external marker for soyhulls. Although not statistically different, the rate of 
passage of soyhulls decreased 14% when hay and soyhulls replaced the silage mixture 
compared to just soyhulls substituting for part of the silage mixture (5.7 and 4.9%/h for the 
soyhull diet and the soyhull plus alfalfa hay diet, respectively). The authors speculated that 
the addition of coarsely ground forage may have increased ruminal mat consistency which 
may have helped to retain some of the soyhulls and thus slow down rate of passage.  
In another study by Trater et al. (2001), 20 Holstein steers (BW = 319 ± 12 kg) were 
utilized in a randomized complete block design to evaluate the effects of alfalfa inclusion in 
soyhull based diets. Treatments included a soyhull mix (soyhulls, molasses, Ca phosphate, 
urea, trace minerals) fed alone, or with 10.4, 20.7, or 30.9% coarsely chopped (~4 cm in 
length) alfalfa hay, or alfalfa hay alone. The experiment lasted 16 d with 10 d for adaptation 
and 6 d for total fecal collection. A quadratic decrease was noted for DM (67.5, 70.9, 67.2, 
70.9, and 56.2 ± 2.0% for soyhull control, 10.4% alfalfa, 20.7% alfalfa, 30.9% alfalfa, and 
100% alfalfa, respectively), OM (68.7, 72.3, 68.6, 72.3, and 57.1 ± 1.9%, for soyhull control, 
10.4% alfalfa, 20.7% alfalfa, 30.9% alfalfa, and 100% alfalfa, respectively), and NDF (66.1, 
70.5, 65.4, 68.6, and 47.4 ± 2.3%, for soyhull control, 10.4% alfalfa, 20.7% alfalfa, 30.9% 
alfalfa, and 100% alfalfa, respectively) digestibility as alfalfa increased in the diet. Trater et 
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al. (2001) speculated that since the majority of these effects were driven by the 100% alfalfa 
diet, the quadratic effects reported could be indicative of positive associative effects 
occurring between soyhulls and alfalfa.  
While research widely supports the fact that rumen microbes can rapidly and almost 
completely ferment both whole and ground soyhulls, the digestibility numbers can be quite 
different when assessed in the ruminant animal. These lower digestibility numbers seen in 
live animals suggest the potential for additional limitations that may impact the digestion of 
soyhulls. Increased passage rate may be caused by the small particle size and increased 
specific gravity of soyhulls, as these traits have been shown to depress digestibility. 
However, diet composition and feed intake have also been shown to impact the digestibility 
of soyhulls in ruminants. The addition of coarsely ground forage to diets containing soyhulls 
may potentially increasing retention time of soyhulls and thus increase digestibility of 
soyhulls in the rumen. This positive increase in digestibility suggests potential positive 
associative effects happening in the rumen between soyhulls and additional coarsely ground 
forage. 
Soyhulls as a Fiber Source  
 Although soyhulls are composed mostly of fiber, which is largely comprised of 
cellulose and hemicellulose, they are poorly lignified (Titgemeyer, 2000). Hsu et al. (1987) 
reported lignin concentrations as low as 1.8% for soyhulls. Similarly, in a review by 
Ipharraguerre and Clark (2003) the chemical composition for acid detergent lignin was 
compiled across 13 different papers and an average lignin content of 2.1 was reported. For 
comparison, Palmonari et al. (2014) reported the lignin content for alfalfa hay pre bloom, at 
first bloom, and full bloom to be 6.3%, 6.9%, and 7.3%, respectively. The minor lignin 
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content of soyhulls can lead to rapid and extensive fermentation of fiber. The concentration 
of effective fiber is also an important consideration when evaluating a fiber source. Effective 
fiber is defined as the fraction of feed that stimulates chewing activity, which in turn 
stimulates saliva secretion (Allen, 1997). Mohammadzadeh (2014) assessed the effects of 
increased inclusion of soyhulls on chewing activity in dairy cows. Twelve multiparous 
Holstein cows (BW = 581 ± 56 kg; 170 ± 40 days in milk) were used in a replicated 4 × 4 
Latin square to evaluate the effects of 0, 10, 20, and 30% soyhulls in a alfalfa hay, corn silage 
based diet. Chewing activity was measured visually every 5 minutes on the last d of every 28 
d period and data were expressed as daily eating, ruminating, or total chewing (calculated as 
the sum of eating and ruminating) time per kilogram of NDF consumed. Cattle on the 20 and 
30% soyhull diet spent less time chewing per kg of NDF, indicating that soyhulls had a lesser 
potential for stimulating chewing activity compared to forage NDF sources. When an 
inadequate supply of effective fiber is present negative impacts can be noted due to a 
decrease in chewing and saliva production which can further impact the ruminant animal.   
 When utilizing soyhulls in a ruminant diet, in addition to considering the impact of 
rate of passage from the rumen, there are also a number of other factors that need to be 
considered. These factors include the impact soyhulls may have on the digestion of other 
dietary ingredients as well as the microbial populations and ruminal environment. Although 
soyhulls are high in fiber they do not have the characteristics of most forages and thus 
rumination may not be greatly stimulated (Titgemeyer, 2000). Hsu et al. (1987) suggested 
that the fermentable fiber in soyhulls could lead to a fermentation pattern similar to 
concentrate based feeds when soyhulls are utilized as a forage replacement. Sarwar et al. 
(1992) assessed the effect of replacing forage NDF with soyhull NDF on nutrient digestion 
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and rumen pH in dairy cattle. Five ruminally cannulated primiparous Holstein cows (57 ± 40 
days in milk) were fed five diets in a 5 × 5 Latin square. The control diet consisted of ground 
corn and soybean meal and equal parts alfalfa hay and corn silage. Soyhulls replaced alfalfa 
and corn silage at 4.62 and 9.06% for two diets and replaced ground corn at 18.63 and 
34.29% for two diets.  At 6 h and 9 h post feeding rumen pH was the least for the 9.06% 
soyhull diet (5.63 and 5.71, respectively). However, when soyhulls served as a concentrate 
replacement and high concentrations of dietary forage were maintained, rumen pH linearly 
increased across the control, 8.63 and 34.29% soyhull diets. The authors suggested that 
soyhulls should be included at rates of less than 9% in limited forage diets to prevent ruminal 
pH from dropping; however, could be included in increased inclusions when forage remained 
above 50% of the diet (Sarwar et al., 1992). Part of this response may be driven by decreased 
rates of chewing and salivation that occurs when diets contain soyhulls and relatively small 
amounts of forage. Cunningham et al. (1993) utilized soyhulls as a replacement for either 
forage or concentrate in dairy cows. Five multiparous Holstein cows (BW = 600 kg) with 
ruminal and duodenal cannulas were utilized in a 5 × 5 Latin square. Experimental periods 
lasted 24 d with 20 d of dietary adaptation and 4 d of collection. A control diet contained a 
50:50 ratio of forage to concentrate and consisted of 10% chopped alfalfa hay, 40% corn 
silage, 25% high moisture corn and 23% protein supplement of soybean meal and dried 
distillers grains. For the diets that replaced forage, 23 and 45% of the corn silage and alfalfa 
was replaced by soyhulls on a DM basis and for the concentrate replaced diets, 27 and 50% 
of the concentrate was replaced. When soyhulls replaced 45% of the forage in the diet pH 
dropped to 5.87 compared to a pH of 6.02 for the control-fed cows. Despite this drop in pH 
when soyhulls replaced forage, there were no differences in DM digestibility (64.8, 68.5, and 
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67.9 ± 2.4%, for control, 23% soyhulls and 45% soyhulls, respectively) or NDF digestibility 
(41.0, 50.0, and 50.2 ± 3.1%, for control, 23% soyhulls and 45% soyhulls, respectively). This 
decline in pH suggests potential negative associative effects may be occurring in the rumen 
however since no differences were noted in fiber digestibility, the extent at which pH 
remained low may not have been enough to have negative impacts. 
 Most of the literature regarding soyhulls in diets of finishing cattle and beef steers 
assesses the role of soyhulls as a potential concentrate feedstuff. Ludden et al. (1995) fed 
crossbred steers a 92% cracked corn, 5% ground corn cobs and 3% supplement diet and 
estimated the feeding value of soyhulls to be 74 to 80% that of cracked corn. However, 
Grigsby et al. (1993) utilized steers to determine the impact of replacing bromegrass hay with 
portions of soyhulls and ground corn. Five mature Angus and Angus × Simmental steers 
(BW = 690 kg) with ruminal and duodenal cannulas were utilized in a 5 × 5 Latin square. 
The control diet consisted of 93% bromegrass hay, and was replaced by either 38% soyhulls, 
25% soyhulls and 13% ground corn, 13% soyhulls and 25% ground corn, or 38% ground 
corn. Unsurprisingly, pH linearly decreased as the amount of corn increased in the diet. 
However, even though pH did not decrease to detrimental levels when bromegrass hay was 
replaced with 38% soyhulls, pH did decrease from an average 6.5 for the control-fed steers to 
6.3 for the 38% soyhull-fed steers. Still, it is important to remember that this diet did still 
contain 57% bromegrass hay as a roughage source, therefore, these impacts on pH may have 
been even greater if there was less effective fiber in the diet. 
 These data suggest that soyhulls can be used to replace a portion of dietary fiber; 
however, a limit clearly exists when effective fiber is decreased to a point that overall rumen 
health may be compromised. Additional health concerns can also arise when soyhulls 
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comprise a large portion of the diet. Löest et al. (1998) reported feeding beef heifers soyhull 
diets at 2.25% of BW. Most heifers did not completely consume this diet resulting in intakes 
that averaged 2.15% of BW; additionally 3 heifers died of overeating and bloat. Ultimately, 
these data suggest that risk of bloat may limit use of soyhulls when fed as a substantial 
portion of ruminant diets. As soyhulls replace forage in the ruminant diet there is also risk of 
increased passage rate due to a decrease in the consistency of the rumen mat. However, from 
a nutritional standpoint soyhulls offer rapidly digestible fiber, which may allow them to 
replace a portion of fiber or concentrate in ruminant diets. Ultimately several factors must be 
considered when utilizing soyhulls, including the physical form of the forage, the amount and 
type of carbohydrates in the diet, and the potential for positive or negative associative effects 
on digestion of other nutrients. Research also supports that soyhulls may be utilized as a 
potential concentrate replacement for feedlot cattle. Still as soyhulls offer little to no effective 
fiber potential effects on pH must be considered. Overall, it is widely established that the 
estimated feeding value of soyhulls is 74-80% that of corn when utilize in feedlot diets.  
However, if economically priced soyhulls can be utilized to an extent as a fiber source, 
though care should be taken to ensure that adequate effective fiber concentrations are 
maintained in the diet.  
Associative Effects of Forage and Grains 
 Algae meal is unique in that it is comprised of both partially deoiled microalgae and 
soyhulls. As previously discussed soyhulls are a non-roughage fiber source, and while they 
are high in fiber offer little to no effective fiber to stimulate chewing and saliva production. 
Additionally, the partially deoiled microalgae is largely comprised of non-fibrous 
carbohydrates which can include rapidly fermentable carbohydrates and residual sugars that 
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remain after the oil extraction process. This combination of non-roughage fiber and rapidly 
fermentable carbohydrates can potentially impact the rumen environment by altering pH and 
thus effecting digestibility.  
When forages and grains are fed together to ruminants, the potential exists for 
digestive and metabolic interactions that can alter the feeding value of these ingredients 
(Dixon and Stockdale, 1999). Positive associative effects can occur when low concentrations 
of dietary grains increase voluntary intake or digestibility of forages by providing a limiting 
nutrient. However, much more commonly discussed, are negative associative effects, which 
can occur when grains decrease rates of fiber digestion. This decreased fiber digestion is 
commonly caused by a decrease in rumen pH. The rapid fermentation of non-fibrous 
carbohydrates (NFC) causes a drop in pH when production of VFA outpaces absorption from 
the rumen (Dixon and Stockdale, 1999). Additional factors can contribute to these negative 
associative effects. The addition of rapidly fermentable carbohydrates to the diet can result in 
proliferation of amylolytic organisms that may increase the need for total nitrogen in the 
rumen (Hoover, 1986). Furthermore, it has been proposed that added starch and other 
fermentable sugars commonly found in grains can inhibit cellulolytic microbes even when 
pH is maintained (Hoover, 1986). These associative effects between grains and forages can 
have important consequences on the efficiency and utilization of nutrients by the ruminant 
animal.  
Positive Associative Effects  
 Positive associative effects occur most often when a low quality forage with limiting 
essential nutrients is fed in combination with a grain to supply additional nutrients, such as 
nitrogen and phosphorus, to the diet (Dixon and Stockdale, 1999). Additional positive 
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associative effects can occur when non-forage fiber sources such as soyhulls are 
supplemented to maximize the utilization of low quality forage diets (Martin and Hibberd, 
1990). Matejovsky and Sanson (1995) utilized wether lambs to determine intake and 
digestibility of forages of varying quality when supplemented with corn. Thirty Rambouillet 
wethers (BW = 52.5 ± 1.5 kg) were used in a 3 × 5 factorial, with 3 concentrations of forage 
and 5 supplements. Lambs were stratified into two blocks by weight and randomly assigned 
to 1 of 15 treatments within block. Four periods were conducted with two lambs per 
treatment during each period, resulting in eight observations per treatment. Forages consisted 
of a mature, low-protein grass hay (CP = 5.2), an immature, medium-protein grass hay (CP = 
10.2), and an immature, high-protein grass hay (CP = 14.2). Treatments were designed as a 
factorial with the three forages that varied in maturity, and five supplements which included 
no supplementation, three different supplemental concentrations of corn at either 0.25, 0.50, 
or 0.75% of BW on a DM basis and a fifth supplement which supplied 1.4 g of CP/kg BW 
from soybean meal and corn gluten meal. Periods consisted of 16 d of dietary adaptation and 
5 d of total fecal collection. For lambs fed low-protein hay there was a quadratic effect on 
forage DMI as a percent of BW with increasing concentrations of corn supplementation 
(2.36, 2.39, 2.40, and 1.88 ± 0.13% for corn fed at 0, 0.25, 0.5, 0.75% of BW, respectively). 
Additionally, corn supplementation quadratically affected digestible DMI in lambs fed low-
protein hay (0.86, 1.29, 1.50, 1.61, and 1.52 ± 0.07% of BW, for no supplement, protein 
supplement, and corn fed at 0.25, 0.5, and 0.75% of BW, respectively). This quadratic effect 
may suggest that the potential exists for both positive and negative associative effects 
between corn and forage. However, corn supplementation had no effect on digestible DMI or 
digestible energy when fed with high-protein hay (Digestible DMI = 1.62, 1.84, 1.86, 1.89, 
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and 1.86 ± 0.06% of BW, for no supplement, protein supplement, and corn fed at 0.25, 0.5, 
and 0.75% of BW, respectively). The authors proposed that the positive associative effects 
noted from supplementing increasing concentrations of corn is likely dependent on forage 
quality and amount of supplementation, and thus supplementation to low quality forages may 
be most beneficial.  
 Similar research has been conducted by Sanson and Clanton (1989) to assess the 
effects of various concentrations of whole shelled corn on the intake and digestibility of low-
quality meadow hay by steers. Four ruminally cannulated crossbred steers (BW = 418 kg) 
were utilized in a 4 × 4 Latin square to determine the effects of four concentrations of corn 
supplementation on the intake and digestibility of low-quality meadow hay (CP = 5.2% of 
DM, NDF = 70.8% of DM, ADF = 46.1% of DM) which consisted of both warm- and cool-
season grasses. Four supplementation strategies were utilized in this experiment: no corn, or 
whole shelled corn fed at 0.25, 0.50, or 0.75% of BW. Periods consisted of 14 d of dietary 
adaptation and 5 d of total fecal collection. Even though a linear decrease was noted for hay 
intake as a percent of BW (1.7, 1.7, 1.5, and 1.5 ± 0.03% for corn fed at 0, 0.25, 0.50, or 
0.75% of BW, respectively) a linear increase was noted in apparent DM digestion as corn 
supplementation increased (44.0, 51.0, 50.8, and 53.2 ± 2.1%). This suggests that while a 
substitution effect was noted when corn was supplemented at 0.5 and 0.75% of BW, with a 
decrease noted in forage intake, when corn was supplemented at 0.25% of BW, hay intake 
was not affected and thus corn may have been contributing limiting nutrients to the rumen 
microbiome.  
 Additional work has attempted to assess optimal concentrations of corn grain 
supplementation to provide energy to the diet when utilizing low quality forage. Chase and 
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Hibberd (1987) fed ground corn as a substitute for cottonseed meal to beef females being fed 
low-quality grass hay. Twelve mature, nonpregnant Hereford cows (BW = 395 kg) were 
blocked by weight into three groups. A fourth group consisted of four mature, Angus × 
Hereford heifers (BW = 328) with ruminal cannulas. These cattle were utilized in a 
simultaneous 4 × 4 Latin square and fed one of 4 supplements: 0, 1, 2, and 3 kg/d of corn 
where corn replaced cottonseed meal so that all diets exceeded the daily protein requirement 
of a 400-kg gestating cow. Experimental periods consisted of 9 d of adaptation and 4 d of 
fecal sampling. On day 9 of the experimental period all cattle were dosed with Yb-labeled 
native grass hay. A cubic response was reported for OM digestibility (36.5, 35.1, 23.6, and 
18.9% for 0, 1, 2, and 3 kg/d of corn, respectively). A cubic response was also noted for 
digestible OM intake (3.4, 3.8, 3.2, and 3.3 kg/d for 0, 1, 2, and 3 kg/d of corn, respectively), 
which the authors suggest could mean an improved energy intake when 1 kg of corn was fed. 
Additionally the authors conclude that while feeding 2 and 3 kg of corn to mature beef cows 
may decrease forage utilization, positive associative effects may be noted when corn is 
supplemented at 1 kg/d and that overall energy status of the cow may be improved.  
 While it is well noted that grains can positively impact the rumen microbiome by 
providing limiting essential nutrients and thus contribute to positive associative effects 
between grains and forages, additional work has suggested that non-forage fiber sources can 
also be utilized to positively impact forage utilization in ruminants. To assess the effects of 
soyhull supplements on ruminant digestibility, and intake of low quality native grass, Martin 
and Hibberd (1990) utilized twelve Hereford cows (BW = 453), and four mature Hereford × 
Angus heifers with ruminal cannulas. Cattle were blocked according to weight into four 
groups and utilized in four simultaneous 4 × 4 Latin squares. Four supplements provided 
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either 0, 1, 2, or 3 kg of soyhulls on a DM basis. Experimental periods lasted 14 d with 9 d of 
dietary adaptation and 5 d of fecal sampling. Cattle were dosed with 250 g of Yb-labled 
native grass hay on d 9. There was a quadratic effect on hay OM intake, with intake peaking 
at 1 kg of supplementation (9.71, 10.14, 9.83, and 9.07 ± 0.275 kg/d for 0, 1, 2, and kg of 
soyhulls, respectively). Additionally, total OM digestibility increased linearly with increasing 
amounts of soyhulls (45.8, 46.2, 46.6, and 48.6 ± 0.70% for 0, 1, 2, and kg of soyhulls, 
respectively). These data suggest soyhulls, a non-forage fiber source, when supplemented 
with low quality forages can result in positive associative effects and be utilized as an energy 
source for beef cows. While low amounts of grains can help to optimize the utilization of low 
quality forages in ruminants by provided limiting nutrients, such as nitrogen, carbon, and 
phosphorus, the opposite can be noted when high amounts of grain are fed. Excess grain 
supplementation may result in negative associative effects causing decreased voluntary 
intake and/or digestion of fiber.  
Negative Associative Effects 
 In concentrate based diets, the potential exists for decreases in voluntary intake of 
forage and a depression in the digestion of forage, which can in turn cause decreased 
efficiency and utilization of grain (Dixon and Stockdale, 1999). Chappell and Fontenot 
(1968) conducted a study to determine the effects of readily-available carbohydrates in sheep 
diets on cellulose digestibility. Two consecutive metabolism trials were conducted using four 
yearling wethers (BW = 34 kg) fed one of two diets (n = 4/treatment). Diet one contained 
77.8% purified cellulose and no readily available carbohydrates and the second diet consisted 
of 33.3% readily available carbohydrates in the form of glucose and corn starch and 44.4% 
cellulose. Each trial consisted of 10 d of adaptation and 10 d of total fecal and urine 
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collection.  Cellulose digestibility decreased with the addition of readily available 
carbohydrates from 60.9% to 49.5%. However, an additional experiment by Chappell and 
Fontenot (1968) assessed the effects of feeding lesser concentrations of readily available 
carbohydrates on cellulose digestibility. Fifteen yearling wethers (BW = 30 kg) were utilized 
in two consecutive metabolism trials (n = 6/treatment) and fed one of five diets: a control diet 
with 77.8% purified cellulose, and a mixture of glucose and starch replacing 2, 4, 6, or 8% 
cellulose. Ten d of adaptation were followed by 10 d of total fecal and urine collection for 
each trial. With low concentrations of readily available carbohydrates, no differences were 
noted in cellulose digestibility, dry matter digestibility, or nitrogen retention. These data 
indicate that while minimal concentrations of readily available carbohydrates do not seem to 
impact fiber digestibility, when these readily available carbohydrates contribute to a 
substantial portion of the diet depressive effects on fiber digestibility may be noted.  
 Negative associative effects that result in a depression of fiber digestibility can be 
caused when grain is introduced into the diets of ruminants at inclusions that alter the rumen 
environment and thus influence the ruminal microorganisms present and their activity (Dixon 
and Stockdale, 1999). In an attempt to assess the effects of ruminal pH on fiber digestion, 
Mould and Ørskov (1983) manipulated the ruminal fluid pH of sheep and analyzed the 
effects on cellulose digestion and dry matter disappearance in situ. Six mature Suffolk-cross 
sheep (BW = 65 kg; 2-3 years old) with rumen cannulas were fed one of two diets: a chopped 
hay control and a concentrate pelleted diet consisting of 90% barley and 10% fishmeal. The 
ruminal pH of two lambs fed the hay diet was gradually decreased by the infusion of a 1:1:1 
mixture of H2SO4:HCL:H3PO4 and the ruminal pH of two lambs fed the concentrate pellet 
was gradually increased with an infusion of a mixture of bicarbonate salts (66% NaHCO3 and 
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34% KHCO3). Water was infused into the additional 2 lambs (one on the hay diet, one on the 
concentrate diet) at a similar rate to serve as a control. Hay from the same source as that 
being fed to the lambs was ground to 2.5 mm and placed in bags. Once ruminal pH was 
stable, four bags were placed in the rumen of each sheep and withdrawn at 2, 4, 8, and 24 h. 
Samples of ruminal fluid were collected every 2 h for pH determination. Infusion of the acid 
solution into sheep fed the hay diet lessened the ruminal pH from 6.56 (measured in the 
control sheep) to as low as 5.11. The bicarbonate salts increased the ruminal pH of the sheep 
fed the concentrate pellet from the control value of 5.27 to as high as 6.49. Furthermore, the 
authors reported that for sheep fed hay DM disappearance was decreased after 24 h of 
incubation by increasing acid infusion. Also, for the hay-fed sheep cellulose digestion was 
depressed when the ruminal pH was decreased to 6.2-6.3 and was almost completely 
inhibited when pH fell below 6.0-6.1. However, increasing ruminal pH in the concentrate-fed 
lambs did not increase cellulose digestion of dry matter, suggesting that both the type of 
substrate and ruminal pH have important impacts on cellulolytic activity by ruminal 
microbes. However, these trials do not encompass the impacts that grains, as a feedstuff, 
could have on ruminal pH and thus fiber digestibility. Also, these trials include small 
numbers, with cannulated animals, in digestibility trials, for a more practical assessment of 
grains impact on ruminal pH and fiber digestibility a larger trial in a more practical setting 
should be conducted.  
 Further work by Mould et al. (1983) examined the effects of varying amounts of 
dietary concentrate on DM degradation and cellulose disappearance in sheep as well as the 
effect of ruminal pH manipulation on DM degradation in vivo. Six mature Suffolk-cross 
sheep (BW = 70 kg) fitted with rumen cannulas were fed 5 diets, where each diet was fed for 
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14 days (n = 6/treatment). Diets consisted of 100% chopped hay or 25, 50, 75, or 100% 
whole barley. Ruminal DM degradation, cellulose digestibility, and pH were analyzed as 
described in the previous experiment (Mould and Ørskov, 1983). Rumen fluid collected for 
pH was also utilized for microbial examination and counts of cellulolytic microorganisms 
present were estimated. Barley supplementation caused ruminal pH to decrease from 6.6 for 
the hay-fed sheep to 6.2 at the 50% inclusion, 6.1 at 75% inclusion and 5.8 at 100% barley 
inclusion. No differences were noted in hay DM degradation when barley was supplemented 
at 25% inclusion. However, DM degradation was depressed from 51% to 40% when the rate 
of supplementation was 50% and no microbial degradation of fiber was seen when the 100% 
barley diets were fed. Additionally, cellulolytic bacteria decreased from 106 to 104 
microorganisms/mL as barley increased to 100% of the diet. These data suggest that the drop 
in ruminal pH depressed the cellulolytic bacteria thus detrimentally impacting cellulose 
digestion. This further supports the theory that the drop in pH caused by the addition of 
readily available carbohydrates leads to negative associative effects as fiber digestion is 
negligible when ruminal pH drops below 6.0. However, the authors also proposed an 
additional explanation to the decrease in cellulolytic microorganisms suggesting that 
increased competition may occur in the rumen among microbes for essential nutrients and the 
cellulolytic organisms are less competitive and therefore unable to metabolize nutrients and 
reproduce at a fast enough rate to maintain adequate populations in the rumen.  
 While ruminal pH may be a driving factor behind the negative associative effects 
noted when increased concentrations of grains are fed with forage, a high demand for amino 
acids and peptides for amylolytic organisms has been found (Maeng and Baldwin, 1976), 
suggesting the potential for competition between cellulolytic and amylolytic organisms when 
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both forages and grains are fed.  In a summary of studies by Hoover (1986) feeding diets 
with sufficient readily fermentable carbohydrates to support a nonfibrolytic population and 
less than 6% CP, dietary ammonia concentrations required for optimal microbial growth was 
over 21.4 mg/dl. However, when CP was at least 6% ammonia concentrations only needed to 
be 6.2 mg/dl. Furthermore in instances when essential nutrients are limiting cellulolytic 
organisms appear to be less competitive (Mould et al., 1983). Therefore, when readily 
available carbohydrates are present and lesser amounts of dietary CP are provided the 
ammonia concentrations required for optimal growth of cellulolytic organisms may be 
increased.  
 Additional work suggests that attachment of rumen microbes may also be involved in 
the negative associative effects noted in grain and forage based diets. Sung et al. (2007) 
utilized in vitro studies to determine the effects of initial pH on fibrolytic bacterial 
attachment and fiber digestion. Ruminal contents were collected from three Holstein steers 
(BW = 550 kg) with rumen cannulas. Steers were fed a diet of 40% concentrate and 60% 
timothy hay and ruminal contents had a pH ranging from 6.5 to 6.7. Using an in vitro culture 
system the bacterial attachment to rice straw under different pH conditions was tested. One 
part rumen fluid was mixed with two parts McDougall’s buffer solution and the pH was 
adjusted to either 6.7, 6.2, or 5.7 using 5 N HCl. Approximately 500 mg of ground rice straw 
was added to 30 mL of medium and incubated at 39°C with continuous shaking at 120 rpm. 
Samples were incubated in triplicate and removed at 0, 2, 4, 8, 12, 24, and 48 h of incubation. 
Prior to analysis the culture was centrifuged to separate the rice straw from the culture 
medium. After centrifugation, the rice straw was dried and stored at -80°C until 
measurements of bacterial populations were collected. Attachment of three major fibrolytic 
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bacteria, F. succinogenes, R. flavefaciens, and R. albus, was determined by real-time PCR. 
At a pH of 5.7, the attachment of all three bacterial species to rice straw was less than at a pH 
of 6.2 and 6.7. With no differences in bacterial attachment noted at a pH of 6.2 and 6.7. 
Lowering the pH to 5.7 also decreased attachment to substrate regardless of the bacterial 
species. As expected DM digestion was pH dependent at 24 h, with the pH of 6.7 resulting in 
the greatest digestibility, a pH of 6.2 intermediate, and a pH of 5.7 resulting in the least 
digestibility. While the authors agreed that digestion was pH dependent they argued that this 
was also driven by the clear relationship between pH and the rate of major ruminal bacterial 
attachment. They went on to suggest that maintaining a pH of greater than 6.0 is critical for 
efficient microbial attachment and optimal fiber digestion in the rumen.  
 Attachment and pH may not be the only factors that lead to negative associative 
effects and negative impacts on fiber digestion when grains are added to the diet. Mould and 
Ørskov (1983) first suggested the potential for a “carbohydrate effect”, in which they 
proposed added starch or rapidly fermentable carbohydrates could lessen fiber digestion 
independent of pH. Piwonka and Firkins (1996) conducted an experiment to determine 
whether the negative effect noted on fiber digestion when pH was maintained above 6.2 was 
potentially attributable to glucose or the end products of glucose fermentation. Rumen 
contents were collected from a nonlactating ruminally cannulated Holstein cow consuming 1 
kg/d of corn and ad libitum alfalfa hay. Ruminal contents were collected 1 h prior to morning 
feeding. Six treatments were developed and Sigmacell-20 cellulose was used as the fibrous 
substrate. The trial was performed as a randomized complete block design with each in vitro 
run considered as a block. Treatments consisted of a control which had 4800 mL of buffer 
and 13.5 g of cellulose or a glucose treatment that had 3200 mL of buffer medium, 9.0 g of 
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cellulose and 25 mM of glucose. These two batch cultures were incubated for either 0 or 6 h. 
The cultures that had incubated for 6 hours were then split in half and either left untreated or 
treated with a protease. This provided 6 treatments: Un-incubated control, un-incubated 
glucose, incubated control treated with protease, incubated control untreated, incubated 
glucose treated with protease, or incubated glucose untreated. Cultures were incubated to 
mimic the effect of fermentation in the rumen. All samples were incubated in vitro in 
duplicate for two repetitions for 6, 12, 18, 24, 36, 48, 72, and 96 h. Samples were incubated 
at 39°C and pH was measured at each time interval. After 36 h of incubation 2 drops of 9.5 N 
NaOH was added to all cultures to prevent the pH from dropping below 6.2. Rate of NDF 
digestion was slower in glucose cultures that had been incubated for 6 h and treated with 
protease compared to control cultures that had been incubated for 6 h and not treated (0.047 
and 0.040 ± 0.003 rate/h, respectively). However the rate of NDF digestion was not different 
between incubated control and incubated glucose cultures when treated with protease. The 
authors reported that during glucose fermentation a proteinaceous inhibitor was produced 
that appeared to be negatively impacting fiber digestion. This indicates that when rapidly 
fermentable sugars are present, even if pH is maintained high enough to support fiber 
digestion, a proteinaceous inhibitor may be produced which accounts for some of the 
negative associative effects noted on fiber digestion.  
 Associative effects can be found when forages and grains are fed together in the 
ruminant animal. These associative effects can be positive; such is the case when small 
concentrations of dietary grains increase digestibility of low quality forages. However, 
positive associative effects can also be noted when non fibrous roughage sources such as 
soyhulls are included in low quality forage diets, contributing an additional energy source to 
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the ruminant animal. More commonly discussed are negative associative effects which are 
often noted in diets containing increased amounts of grain and minimal forage. While it is 
widely accepted that the decreases seen in fiber digestibility are largely pH dependent, it has 
also been discussed that microbial attachment and addition of carbohydrates independent of 
pH may be playing a role in this decreased digestibility.  
 With algae meal being comprised of two parts, both partially deoiled microalgae and 
soyhulls, the potential for associative effects arises when utilizing this feedstuff in ruminant 
diets. The partially deoiled microalgae portion, which is comprised of non-fibrous 
carbohydrates and likely increased quantities of rabidly fermentable sugars may alter pH 
when offered at increased inclusions in ruminant diets. Additionally, the soyhull portion of 
algae meal, which is high in fiber may do little to help negate changes in pH as soyhulls offer 
little to no effective fiber to stimulate chewing and saliva production. The associative effects 
and impacts this feedstuff may have in the ruminant environment will ultimately help to 
determine the feeding value of this novel feed stuff. 
Fat Supplementation in Ruminants and the Influences on Beef Fatty Acid Profile 
 Large-scale algae production supports oil manufacture for biofuels, chemicals, human 
nutritionals, and cosmetics (Solazyme, 2015). However, some residual oil remains behind 
after the extraction process and the resulting algae meal offers a unique and tailorable fatty 
acid profile. Recently, the composition of fatty acids in meat and the methods to improve this 
composition have become an area of focus due to the potential implications for human 
health. In some instances the fatty acid profile of meat can be manipulated by altering the 
fatty acid profile of the feedstuffs in the ruminant’s diet. The rumen environment can 
complicate this process though as unsaturated fatty acids in the diet are often altered by 
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ruminal microbes through biohydrogenation such that the fatty acid profile of meat may not 
match that of the diet (Jenkins, 1992). Various properties such as the degree of saturation and 
the physical association of fat with feed particles and microbes can alter this microbial effect 
in the rumen (Jenkins, 1992). Research has been conducted examining distillers grains, 
another coproduct from the biofuel industry, as well as other high fat feeds and assessing the 
effects these feedstuffs can have on performance and carcass quality of finishing cattle as 
well as meat fatty acid profiles.  
 Methods to improve fatty acid composition of meat are important due to their 
implications for human health. Research has suggested that human consumption of diets 
enriched in PUFA, including omega 3, CLA, eicosapentaenoic acid (EPA), and 
docosahexaenoic acid (DHA), may offer cardio-protective benefits and a mechanism for the 
prevention of human cancers (Tapiero et al., 2002). However, research has also shown that 
increased concentrations of PUFA can lead to increased lipid oxidation which may result in 
additional negative effects on color and shelf life of meat (Wood et al., 2008). Therefore, 
concerns may arise with retail shelf life of this potential value added product. The influences 
of high fat coproduct inclusion in ruminant diets on animal performance and meat fatty acid 
profile have been investigated.  
Distillers Grains  
 As the ethanol industry rapidly expanded in the U.S distillers grains became a 
common feedstuff for feedlot cattle. When starch is fermented to produce ethanol the 
remaining protein, fiber, and fat, are concentrated about 3-fold (Klopfenstein et al., 2008).  
Depenbusch et al. (2009a) assessed the effects of increasing concentrations of dried corn 
distillers grains with solubles (DDGS) on growth performance and carcass characteristics of 
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beef heifers. Three hundred fifty-six crossbred heifers (BW = 330 ± 11 kg) were used in a 
randomized complete block design and fed one of six diets: a steam flaked corn control and 
15, 30, 45, 60, or 75% DDGS, where DDGS replaced corn on a DM basis. Heifers were 
randomly assigned to pens and treatments with 9 pens per treatment and 7 heifers per pen. 
Heifers were harvested on d 148 and 60 carcasses were randomly selected (n = 10 per 
treatment) for rib collection and fatty acid determination. Fatty acids were determined on 
both raw and cooked steaks and the results from these assays were not different. There was a 
quadratic effect for DMI (7.5, 7.7, 7.6, 7.5, 7.4, and 7.0 ± 0.12 kg/d for 0, 15, 30, 45, 60, or 
75% DDGS, respectively) and ADG (0.99, 1.08, 1.00, 0.95, 0.93, and 0.84 ± 0.19 kg/d for 0, 
15, 30, 45, 60, or 75% DDGS, respectively). Also, there was a linear decrease in G:F as 
DDGS increased in the diet (0.134, 0.138, 0.132, 0.127, 0.125, and 0.121 ± 0.037 for 0, 15, 
30, 45, 60, or 75% DDGS, respectively). For cooked steaks from the longissimus muscle, 
fatty acid concentrations of CLA linearly increased as DDGS increased in the diet (0.252, 
0.254, 0.320, 0.297, 0.393, and 0.380 ± 0.052 for 0, 15, 30, 45, 60, or 75% DDGS, 
respectively) and while there were no changes in total MUFA and SFA, total PUFA 
concentrations linearly increased as DDGS increased in the diet (3.32, 3.52, 3.42, 3.97, 4.28, 
and 4.20 ± 0.258 for 0, 15, 30, 45, 60, or 75% DDGS, respectively). Increased consumption 
of PUFA has been linked to the prevention of coronary heart disease in humans (Wijendran 
and Hayes, 2004), suggesting distillers grains offer the potential to improve the fatty acid 
profile of beef.  
 Similar results were noted by Koger et al. (2010) when wet corn distillers grains with 
solubles (WDGS) and DDGS were fed to finishing steers. Two hundred forty Angus cross 
steers (BW = 349 ± 25 kg in yr 1 and 336 ± 20 kg in yr 2) were randomly assigned to 15 pens 
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(8 steers per pen) in each of the 2 yr. Three replicates of 5 dietary treatments were randomly 
assigned to the 15 pens for each year. Diets consisted of a dry-rolled corn and soybean meal 
control, 20% DDGS, 40% DDGS, 20% WDGS, and 40% WDGS, where distillers grains 
replaced soybean meal and corn. Longissimus muscle samples were collected for fatty acid 
analysis and ground beef patties were utilized for color measurements. Color was determined 
every 24 hours for 8 d of retail display. No differences were reported for HCW, LM area, or 
marbling score. While no differences were noted for CLA, total SFA, or total MUFA 
concentration as distillers grains increased in the diet, steers fed distillers grains had greater 
total PUFA concentrations than control-fed steers (3.42, 3.88, 4.41, 3.83, and 4.01 ± 0.19 for 
control, 20% DDGS, 40% DDGS, 20% WDGS, and 40% WDGS, respectively). Despite the 
increased concentration of PUFA noted in streaks from distillers grains-fed steers there was 
no difference in color (L*, a*, and b*) of ground beef as distillers grains were added to the 
diet. Collectively the results of work by Kroger et al. (2010) and Depenbusch (2009a) 
supports that feeding distillers grains to finishing cattle offers the opportunity to improve the 
fatty acid profile of steaks and potentially offer increased health benefits for the consumer. 
Unfortunately, it has been shown that increased PUFA concentration can limit shelf life of 
beef due to its greater susceptibility to oxidize (Wood et al., 2003). 
 Gigax et al. (2011) and Haack et al. (2011) hypothesized that feeding low-fat WDGS 
would minimize the oxidation problems by decreasing the amounts of PUFA in beef. Ninety-
six beef crossbred yearling steers (BW = 399 ± 51.7 kg) were blocked by BW and randomly 
assigned to pens within block and pens were randomly assigned one of three treatments (n  = 
4/treatment). Treatments included a corn based control with urea for nitrogen and no 
distillers grains, 35% low-fat wet distillers grains (WDG, 4.72% fat), or 35% normal-fat 
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WDGS (6.91% fat) and were fed for 131 d. Wet distillers grains replaced dry-rolled corn and 
high-moisture corn at a 1:1 ratio (Gigax et al., 2011). Fifteen carcasses from each treatment 
were randomly selected and strip loins were collected for color measurements and fatty acid 
analysis. Color was collected every 24 h for 7d (Haack et al., 2011).  While no differences 
were reported for DMI or G:F, ADG was greater for the cattle fed normal-fat WDGS (1.68 ± 
0.03 kg/d) compared to low-fat WDG (1.55 ± 0.03 kg/d) and the control-fed steers (1.55 ± 
0.03 kg/d; Gigax et al., 2011). Haack et al. (2011) reported that steers had greater percentages 
of PUFA in beef when fed distillers grains based diets compared to corn-fed control steers. 
Additionally, the low-fat WDG-fed steers tended to have greater concentration of PUFA 
compared to the normal-fat WDGS-fed steers (2.99, 4.86, and 4.46, for control, low-fat 
WDG, and normal-fat WDGS, respectively). Additionally, the a* value (redness) of steaks 
from the low-fat WDG-fed steers declined at a faster rate and to a greater degree compared to 
steaks from steers on all other diets. However, the authors also reported that much of the fat 
in the normal-fat WDGS came from the distillers solubles, while all of the fat in the low-fat 
WDG was found in the grains portion. They further hypothesized that the fats in the soluble 
portion of the normal-fat WDGS are more susceptible to biohydrogenation in the rumen, 
while the grains fraction of the fat in the low-fat WDG may be more protected from 
biohydrogenation in the rumen. This hypothesis may help explain the higher PUFA 
percentage in beef from steers fed low-fat WDG. It is important to remember that the 
availability of fat in a feedstuff to rumen microbes will ultimately influence the fatty acid 
profile in meat.  
 Other work has been completed to determine the value of distillers from grains such 
as sorghum and wheat.  Depenbusch et al. (2009b) fed 299 crossbred yearling steers (BW= 
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363 ± 15 kg) to compare the nutritional values of distillers grains from corn and sorghum, as 
well as the effects of wet versus dry distillers grains, and the effect of added roughage in 
distillers grains diets. Treatments included a control diet of steam flaked corn (3.8% fat on a 
DM basis), or 6 diets containing 15% distillers grains: wet sorghum distillers with solubles 
with 0 or 6% alfalfa hay (5.1 and 5.0% fat on DM basis, respectively), dry sorghum distillers 
with solubles with 0 or 6% alfalfa hay (4.5 and 4.4% fat on DM basis, respectively), DDGS 
with 6% alfalfa hay (4.9% fat on DM basis), and WDGS with 6% alfalfa hay (5.2% fat on 
DM basis). Steers were blocked by BW and randomly assigned to pens (7 pens/ treatment; 5-
7 steers per pen). Dry matter intake and ADG were greater when sorghum distillers grains 
were fed with 6% alfalfa hay versus without hay (DMI = 9.57, 9.39, 8.66, and 8.71 ± 0.27, 
for dried sorghum distillers with 6% hay, wet sorghum distillers with 6% hay, dried sorghum 
distillers without hay, and wet sorghum distillers without hay, respectively; ADG = 1.47, 
1.41, 1.25, and 1.33, for dried sorghum distillers with 6% hay, wet sorghum distillers with 
6% hay, dried sorghum distillers without hay, and wet sorghum distillers without hay, 
respectively). Interestingly, no differences in final body weight, DMI, ADG, or G:F were 
reported between the corn based control-fed steers and cattle fed any type of distillers grains. 
Also, there were no differences in performance between wet sorghum and corn distillers 
grains and dry sorghum and corn distillers grains and between corn and sorghum distillers 
grains. This work suggests that sorghum distillers grains may also be a viable feedstuff for 
ruminants; however, these data contradict previous work as no differences in performance 
were noted between corn-fed cattle and distillers-fed cattle. However, it is important to note 
that these diets only included distillers grains at 15% inclusion on a DM basis, which may 
have been too low to detect differences compared to work by Depenbusch et al. (2009a), 
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Gigax et al. (2011), and Kroger et al. (2010). Still, 15% inclusion would be expected when 
distillers grains are priced high relative to corn or when distillers are added as a protein 
source, while greater inclusions may be fed to provide energy to the diet when favorably 
priced to corn.  
 In an effort to determine the effects of feeding steers diets containing corn or sorghum 
distillers grains on fatty acid profiles of beef Gill et al. (2008) utilized the 299 crossbred 
steers previously discussed (Depenbusch et al., 2009b). Strip loins were collected from 236 
of the 299 carcasses over two harvest dates. For the first harvest 138 steaks were collected 
and for the second harvest 98 steaks were collected, however pen (n = 7 for each harvest 
date) was still used as the experimental unit and each slaughter date was reported separately. 
Steaks were placed on Styrofoam in a cooler under fluorescent light to stimulate retail 
display and were evaluated for color attributes every 12 h for 7 d. While there was a gradual 
decrease in color attributes over time, there was no treatment × hour interaction so overall 7 d 
color values were reported. For the first harvest steaks from corn distillers grains-fed steers 
had a greater a* (were more red) than steaks from sorghum distillers grains-fed steers (10.90, 
10.76, 10.56, 10.06, 10.48, and 10.45 ± 0.21, for DDGS, WDGS, sorghum dry distillers 
grains with 6% alfalfa hay, sorghum dry distillers grain without hay, sorghum wet distillers 
grains with 6% alfalfa hay, and sorghum wet distillers grains without hay, respectively). The 
opposite was true for the second harvest, with steaks from corn distillers grains-fed steers 
having a lesser a* than steaks from sorghum distillers grains-fed steers (10.40, 10.25, 10.92, 
10.42, 10.54, and 11.06 ± 0.22, for DDGS, WDGS, sorghum dry distillers grains with 6% 
alfalfa hay, sorghum dry distillers grain without hay, sorghum wet distillers grains with 6% 
alfalfa hay, and sorghum wet distillers grains without hay, respectively). For the second 
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harvest, steaks from steers fed the corn based control had both a greater a* (were more red) 
and b* (were more yellow) than steaks from steers fed any type of distillers grain. Also for 
first harvest, concentration of PUFA in the strip steaks was lesser for the control-fed steers 
than steers fed distillers grains. However, there were no differences in PUFA concentrations 
of steaks from steers fed corn vs. sorghum distillers, and alfalfa hay had no effect on PUFA 
concentration. Interestingly, for the second harvest, there was no difference in PUFA 
concentration of steaks between control-fed steers and distillers grains-fed steers. 
Additionally, corn distillers grains-fed steers had greater PUFA concentration in steaks 
compared to their sorghum distillers grain-fed counterparts (0.302, 0.306, 0.296, 0.296, 
0.244, and 0.243 ± 0.017, for DDGS, WDGS, sorghum dry distillers grains with 6% alfalfa 
hay, sorghum dry distillers grain without hay, sorghum wet distillers grains with 6% alfalfa 
hay, and sorghum wet distillers grains without hay, respectively), which may have resulted in 
the decreased a* and b* values seen in steaks from these distillers grains-fed steers. The 
authors did not speculate why differences were seen between harvest groups, but seeing as 
harvest dates were almost a month apart (December 8, 2004 and January 4, 2005) differences 
in final body weight and back fat may have contributed to the fatty acid differences seen. 
Additionally the authors did mention that shipping conditions were quite different for each 
harvest date, with weather being clear and dry with a high temperature of 13°C for December 
8, 2004, whereas weather was overcast with freezing rain and a high temperature of -1°C on 
January 4, 2005. However, the increased PUFA concentration in corn distillers grain-fed 
steers does support other previously discussed work.  
 The availability of distillers grains varies based on location and in western Canada 
ethanol is primarily produced from wheat (Dugan et al., 2010). This byproduct can also be 
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utilized as a ruminant feedstuff and creates the opportunity to potentially alter beef fatty acid 
profiles. Beliveau and McKinnon (2008) evaluated the performance and carcass 
characteristics of cattle fed increased concentrations of wheat based distillers grains with 
solubles (5.0 ± 0.33% fat on DM basis). Two hundred crossbred weaned steer calves (BW = 
290 ± 17 kg) were stratified by weight and assigned to pens. Steers were housed in one of 
twenty pens and each pen was randomly assigned to one of five treatments (n = 4 
pens/treatment). The trial consisted of an 85 d backgrounding period and a finishing period in 
which cattle were harvested when they reached 625 kg unshrunk live weight. Treatments 
consisted of a barley grain control and 6, 12, 18, and 23% wheat-based distillers grains with 
solubles, where the distillers grains replaced barley grain on a DM basis. For the finishing 
period ADG, DMI, and G:F were not different regardless of diet. Additionally, subcutaneous 
fat, LM area, and yield grade were not different across diets. These data suggest that wheat 
distillers grains can be utilized in the finishing diets of steers at up to 23% of diet DM 
without negatively impacting performance.  
 The substitution of barley for wheat distillers grains may also impact the fatty acid 
profiles of beef. Therefore, the objective of a study by Dugan et al. (2010) was to determine 
the effects of substituting wheat distillers grains and solubles for ground barley and the 
effects on beef fatty acid composition. Twenty-four large-framed British cross heifers were 
individually fed for 133 d and diets contained 0, 20, 40, or 60% wheat distillers grains which 
replaced rolled barley on a DM basis (1.9, 2.5, 3.1, and 3.7% fat for 0, 20, 40, and 60% 
wheat distillers grains, respectively; n = 6 heifers/treatment). At slaughter samples of brisket 
fat were collected for fatty acid analysis. As noted with other distillers grains, 
supplementation of wheat distillers grains to cattle did not affect SFA or MUFA content of 
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brisket fat; however, PUFA concentration of brisket fat linearly increased as distillers 
increased in the diet (2.26, 2.35, 3.07, and 2.76 ± 0.144%, for 0, 20, 40, and 60% wheat dried 
distillers grains, respectively). These data suggest that cattle supplemented with wheat dried 
distillers grains may respond similarly to those supplemented with DDGS and WDGS by 
increasing the PUFA concentration of fat in steers, suggesting that a portion of the fat in 
wheat dried distillers grains may also bypass biohydrogenation in the rumen.  
High Fat Feed Sources  
 To further explore the potential to increase PUFA, which can include CLA 
(geometric and positional isomers of C18:2), of beef by altering the ruminant diet, other high 
fat feed sources have been utilized as feedstuffs in finishing steers. Sunflower oil contains 
about 70% linoleic acid and therefore Mir et al. (2003) hypothesized that feeding sunflower 
oil to finishing steers would increase CLA content of beef. Seventy-two crossbred steers 
(BW = 400 ± 8.7 kg) were blocked by weight and placed in individual pens and randomly 
assigned to one of four diets. Diets consisted of a control diet (65% barley silage, 30% barley 
and 5% supplement), 6% sunflower oil, the control diet plus 500 IU vitamin E·steer-1·d-1, or 
sunflower oil and vitamin E, where sunflower oil replaced barley silage on a DM basis. 
Steers were fed diets for a 52 d finishing period and at harvest steaks from the longissimus 
muscle were collected for fatty acid analysis. No differences were reported in HCW, dressing 
percent, back fat, LM area, or marbling score as sunflower oil and vitamin E were added to 
the diets. However, steaks from steers fed sunflower oil had a greater CLA content compared 
to control and vitamin E fed steers (3.5, 3.0, and 3.1 ± 0.15, for sunflower oil, control, and 
vitamin E diets, respectively). Additionally, steaks from the sunflower oil and the sunflower 
oil plus vitamin E-fed steers had numerically greater PUFA concentration than their control 
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and vitamin E-fed counterparts (26.8, 27.9, 20.0, and 20.3, for sunflower oil, sunflower oil 
plus vitamin E, control, and vitamin E diets, respectively). This research once again suggests 
the potential for positively impacting the fatty acid profile of meat by altering the ruminant 
diet and potentially increasing human health benefits of meat. As sunflower oil is high in 
unsaturated fatty acids it is important to remember that dietary oil can negatively impact 
microbial activity and lead to further negative impacts on fiber digestion when fed at 
increased amounts.  
 Additionally, high-oil corn has been studied as a method to supplement fat and alter 
the fatty acid profile of meat. The seed coat of oilseeds may offer protection to lipids from 
ruminal biohydrogenation suggesting that feeding high-oil corn may alter the type of fat 
deposited by finishing steers. Andrae et al. (2001) evaluated the effect of feeding high-oil 
corn (7.0% fat on DM basis) in beef cattle finishing diets on carcass characteristics and 
longissimus fatty acid composition. Sixty Angus cross beef steers (BW = 412 ± 6 kg) were 
stratified by weight into pens with an individual electronic gate feeding system and randomly 
assigned to one of three dietary treatments (n = 20 steers/treatment). Diets consisted of a 
control diet with 82% corn and 12% triticale silage (4.1% fat on DM basis), a high-oil corn 
diet with 82% high-oil corn and 12% triticale silage (5.4% fat on DM basis), and a high-oil 
corn diet which was designed to be isocaloric with the control diet and had 74% high-oil corn 
and 20% triticale silage (5.2% fat on DM basis). Steers were harvested on d 83 and 10 
carcasses per treatment (5 select and 5 choice) were selected and the longissimus muscle was 
collected for fatty acid analysis. There was no difference in HCW, dressing percent, LM area, 
KPH, or yield grade across dietary treatments. Marbling scores were greater for the high-oil 
corn-fed steers compared to the control and isocaloric high-oil corn-fed steers (5.67, 5.20, 
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and 5.25 ± 0.16, for high-oil corn, control, and isocaloric high-oil corn diets, respectively). 
Interestingly, while MUFA concentration did not change due to diet, steers fed high-oil corn 
diets had steaks with lesser concentrations of SFA compared to control-fed cattle, though 
SFA concentrations were not different from isocaloric high-oil corn-fed steers (44.30, 46.41, 
and 45.09 ± 0.56%, for high-oil corn, control, and isocaloric high-oil corn diets, 
respectively). Also, PUFA concentrations of steaks was greater for high-oil corn-fed steers 
and isocaloric high-oil corn-fed steers compared to their control-fed counterparts (5.86, 5.53, 
and 4.69 ± 0.23%, for high-oil corn, isocaloric high-oil corn, and control, respectively). 
Substitution of high-oil corn for traditional corn positively increased marbling scores and 
enhanced the PUFA content in the longissimus. High-oil corn may influence the fatty acid 
profile of beef by increasing PUFA concentration and potentially lead to a product with 
increased value to the consumer.  
 Other work has been done to determine if soybean oil supplementation to steers may 
enhance the PUFA or CLA content of steaks. Ludden et al. (2009) assessed the effects of 
feeding soybean oil for varying durations on growth and carcass fatty acid composition of 
steers. Ninety-six Gelbvieh × Angus steers (BW = 294 ± 3.9 kg) were used in a 180 d 
randomized complete block design. Steers were blocked by initial BW and housed in one of 
sixteen pens with six steers per pen. One of four experimental treatments was randomly 
assigned to each pen of steers (n = 4 pens/treatment). Treatments included 5% soybean oil 
supplementation for 0, 77, 137, and 189 d. At harvest a section of the longissimus dorsi was 
collected from each carcass for fatty acid analysis. Soybean oil supplementation regardless of 
time had no effect on ADG, DMI, G:F, dressing percent, back fat, LM area, marbling score, 
quality grade, or yield grade. Interestingly, concentration of CLA and total PUFA 
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concentration in steaks also did not differ across treatments. However there was a tendency 
for MFA concentration of steaks to linearly decrease as duration of soybean oil 
supplementation increased (18.6, 18.3, 15.7, and 14.1 ± 1.821%, for 0, 77, 137, and 189 d of 
soybean oil supplementation, respectively). These data suggest that soybean oil may 
undesirably decrease the MUFA concentration of steaks while having no effect on PUFA and 
CLA content, unlike corn and sunflower oils which favorably impacted the PUFA 
concentration of steaks.  
 Methods to improve the fatty acid composition of meat have become a topic of 
interest due to the potential for creating a value added product with increased human health 
benefits. Byproducts from the ethanol process such as corn, sorghum, and wheat distillers 
grains have shown potential for increasing the PUFA content of meat; however, this does not 
come without some concern as highly unsaturated fatty acids are more susceptible to 
oxidation and may decrease shelf life of meat. Other high fat supplements and feedstuffs, 
such as sunflower oil, high oil corn, and soybean oil, have shown mixed results when utilized 
in ruminant diets in an attempt to alter the fatty acid profile of meat. The rumen environment 
is complex and unsaturated feedstuffs are often altered by ruminal microbes resulting in a 
fatty acid profile in meat starkly different from the fatty acid profile of the diet. Ultimately, 
algae meal with its unique and tailorable fatty acid profile, may also offer the potential to 
alter the fatty acid profile of steaks and create a food product with increased human health 
benefits. However, the ruminal availability of the fat in algae meal is unknown and therefore 
it is unclear how the fatty acid profile of steaks may be impacted when algae meal is fed to 
finishing steers.  
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CHAPTER 3. 
ASSESSMENT OF ALGAE MEAL AS A RUMINANT FEEDSTUFF: NUTRIENT 
DIGESTIBILITY IN SHEEP AS A MODEL SPECIES 
 
The Journal of Animal Science, doi: 10.2527/jas.2015-9583 (2015) 
 
R. S. Stokes, M. L. Van Emon, D. D. Loy, and S. L. Hansen 
 
 
ABSTRACT: Heterotrophic microalgae combined with soyhulls forms an algae meal (ALG) 
which contains partially deoiled microalgae (PDM; 57% DM basis) and soyhulls (43%). Two 
experiments were conducted to evaluate the effects of PDM and ALG on lamb digestibility. 
In Exp. 1, 8 wethers (23.02 ± 0.54 kg) were used in a 4 x 4 Latin square design to determine 
the effect of the PDM portion of ALG on total tract nutrient digestibility. Diets included a 
soyhulls-based control (CON; 53% soyhulls), 10% PDM from ALG (PDM10), 20% PDM 
from ALG (PDM20), and 30% PDM from ALG (PDM30). Dry matter and OM intake and 
fecal DM and OM output were similar (P ≥ 0.11) between CON and ALG-fed lambs. Urine 
output linearly increased (P = 0.02) as PDM increased in diets. Dry matter, OM, NDF, and 
ADF digestibility linearly decreased (P < 0.01) as PDM increased in diets. Ether extract 
digestibility did not differ (P = 0.24) between CON and PDM-fed lambs. Nitrogen 
digestibility and N retention linearly decreased (P ≤ 0.05) as PDM increased in the diet. In 
Exp. 2, to determine the effects of ALG on diet and nutrient digestibility and N retention, 10 
whiteface cross wethers (33.71 ± 0.55 kg) were used in a replicated 5 x 5 Latin square. Diets 
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included a corn-based control (CON), 15% ALG (ALG15), 30% ALG (ALG30), 45% ALG 
(ALG45), and 60% ALG (ALG60). Dry matter and OM digestibility linearly (P < 0.001) 
decreased as ALG inclusion increased. Digestibility of NDF and ADF were lesser (P ≤ 0.03) 
for CON than ALG-fed sheep and linearly (P ≤ 0.03) increased as ALG increased in the diet. 
Ether extract digestibility was lesser (P = 0.002) for CON than ALG, with a linear (P = 
0.002) increase as ALG inclusion increased. There was a cubic (P = 0.03) effect for N 
digestibility with ALG45 and ALG60 being lesser and CON being greater than all other 
treatments. Retention of N and plasma urea N (PUN) concentration did not differ (P ≥ 0.22) 
between CON and ALG. Non fibrous carbohydrate (NFC) digestibility linearly (P < 0.001) 
decreased as ALG increased in the diet. These results suggest that the PDM portion of ALG 
may be less digestible than soyhulls in ruminants, and differences in N retention in Exp. 1 
may suggest an effect on growth in lambs. Furthermore, changes in digestibility of specific 
nutrients suggest that ALG is more characteristic of a concentrate rather than a fibrous 
feedstuff. However, lambs will readily consume ALG and this novel feedstuff could 
potentially serve as a viable component of ruminant diets.  
Key Words: algae, digestibility, novel feedstuffs, ruminant, sheep  
INTRODUCTION 
 With a rising global population the USDA projects the demand for corn to climb to 
327 million metric tons by 2022 (Westcott and Trostle, 2014). This coupled with volatile 
corn prices leads to a demand for an alternative feedstuff so that a harmonious foundation 
can remain between food, fuel, and livestock feed industries. Fortunately, recent advances in 
technology have supported the large scale production of a novel heterotrophic microalgae 
(Protheca moriformis) that is utilized to produce oils and bioenergy. After the oil extraction 
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process, the resultant algae meal (ALG), which would otherwise be a waste product, could 
potentially play a viable role in the ruminant animal’s diet. Algae meal is comprised of both 
partially deoiled microalgae (PDM; 57% DM basis) and soyhulls (43% DM basis) and thus 
offers a nutrient combination of protein, fiber, and fat that is unique compared to other algae 
feedstuffs.  
Initial palatability work has shown that beef steers will readily consume ALG at 
concentrations up to 45% diet DM (Van Emon et al., 2015). However, it is unknown how the 
PDM portion of ALG is contributing to the overall quality of ALG as a ruminant feedstuff. 
Therefore, the first objective was to determine the impact of replacing soyhulls with the 
PDM portion of ALG on lamb total tract nutrient digestibility. Since PDM is not available 
commercially to producers separate from the soyhulls, the whole product was used for the 
current research. As ALG would likely serve as a replacement for corn in feedlot diets, the 
objective of the second experiment was to evaluate the effects of ALG when fed at the 
expense of corn on total tract nutrient digestibility in finishing lambs. 
MATERIALS AND METHODS 
 All procedures involving the use of animals were approved by the Institutional 
Animal Care and Use Committee of Iowa State University (6-14-7818-O and 11-13-7676-O). 
Algae meal was approved for animal consumption by the Department of Health and Human 
Services of the United States Food and Drug Administration, and animals were authorized 
for market for human food use (CVM approval 131209). Both trials were conducted at the 
metabolism facility on the Iowa State University campus.  
Production of Experimental Algae Meal. Microalgae are cultured, heterotrophically, 
in a defined medium which includes a carbohydrate feedstock, major and trace minerals, and 
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vitamins.  The major minerals are provided as salts of phosphorus, nitrogen, magnesium, 
sulfur, calcium, potassium and sodium.  The carbohydrate can be corn syrup, inverted cane 
sugar, or dextrose/glucose. The nutrient profile of the ALG produced from the microalgae 
after the oil extraction process is presented in Table 1.  
Experiment 1 
 Animals and Experimental Design. The objective of this experiment was to 
determine the effect on diet and nutrient digestibility of PDM when used as a replacement for 
soyhulls in the diets of sheep. Eight whiteface cross wethers (23.0 ± 0.54 kg) were used in a 
4 × 4 replicated Latin square. Lambs were fed one of 4 diets (n = 2 lambs·treatment-1·period-
1) containing increasing inclusions of PDM from ALG (Table 2): a soyhull-based control 
(CON), 10% PDM (PDM10), 20% PDM (PDM20), and 30% PDM (PDM30). Algae meal 
was added on a DM basis at the expense of soyhulls which were sourced from the same plant 
where the ALG was prepared.  
Prior to the start of the trial lambs were adapted to a new concentrate-based diet and 
the facilities for 4 d, and given a unique individual identification. Each period consisted of a 
14 d washout period where lambs were fed a common washout diet (Table 2), followed by a 
15 d experimental period in which dietary treatments were administered. The experimental 
period consisted of 10 d of dietary adaptation and 5 d of total fecal and urine collection. 
During the washout period and the first 3 d of adaptation during the experimental period, 
lambs were paired by treatment and housed in pens (1.13 m2/lamb). On d 4 of the 
experimental period lambs were moved to individual metabolism crates [123.2 cm (length) × 
41.9 cm (width) × 93.4 cm (height)] for total collection of urine and feces. 
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 Lambs were allowed ad libitum access to water and at 0800 h daily were fed the total 
mixed ration (TMR). Feed was offered during the washout and adaptation periods to attempt 
to meet ad libitum intake. During the collection period feed was offered at 105% of the 
average daily intake for the previous 5 d. On d 1 of the first experimental period and d 1 of 
the fourth washout period lambs were given a vitamin E injection subcutaneously (Essential 
E-300; 300 IU vitamin E per mL, Aspen Veterinary Resources, Liberty, MO). When the 
fourth collection period was completed all lambs were moved to pens for 3 d and received 
the washout diet. Lambs were then transported to the Iowa State University sheep teaching 
farm where they were housed for an additional 31 d for observation and fed a withdrawal diet 
that did not contain ALG.  
Sample Collection and Analytical Procedures. Total mixed rations were sampled 
and feed refusals, urine, and feces were collected and dried as described by Lundy et al. 
(2015). Once feces, orts, and TMR were dried, they were ground to pass through a 2 mm 
screen in a Retsch ZM 100 grinding mill (Retsch GmbH, Haan, Germany). Fecal and ort 
samples were composited for each sheep within each collection period on an equal dried 
weight basis. Dry matter and OM intake (OMI) and nutrient digestibility of DM, OM, NDF, 
ADF, ether extract (EE), N, and non fibrous carbohydrates (NFC) were determined. True 
DM (105° C) and OM as well as digestibility, DMI, and OMI calculations were determined 
using methods reported by Pogge et al. (2014). Crude protein and N retention were calculated 
as described by Lundy et al. (2015). Non fibrous carbohydrate concentration of TMR, feed 
refusals, and feces was calculated as 100 minus the ash, CP, EE, and NDF. Neutral detergent 
fiber and ADF analysis using sequential analysis utilizing an ANKOM200 Fiber Analyzer 
(ANKOM Technology, Macedon, NY) was conducted using the methods of Van Soest et al. 
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(1991). Alpha-amylase was used during the NDF analysis.  Each run included a sample of 
Brome grass hay as a reference standard to verify intra-assay accuracy (intra-assay CV of 
1.01% for NDF and 1.00% for ADF). Daily urine samples were thoroughly mixed and 10% 
of the daily output by weight was sampled and added to a composite for each collection 
period. Pooled urine samples, feces, orts, and TMR from each period were analyzed for N 
content by combustion (AOAC, 1990) using a Leco Tru-Mac (Leco Corporation, St. Joseph, 
MI) and EDTA was used daily as a calibration standard. A sub-sample of feces, feed refusals, 
and TMR were sent to the University of Arkansas Central Analytical Laboratory (Poultry 
Science Center, Fayetteville, AR) for EE analysis (AOAC, 1990). 
Experiment 2 
 Animals and Experimental Design. Because ALG would likely replace corn in 
finishing diets, the objective of Exp. 2 was to evaluate the effects of replacing corn with 
increasing inclusions of the whole ALG product. Ten whiteface cross wethers (33.7 ± 0.55 
kg) were used in a replicated 5 × 5 Latin square to determine the diet DM nutrient 
digestibility and the N retention of sheep fed one of 5 diets (n = 2 lambs·treatment-1·period-1) 
containing varying concentrations of ALG. Treatments included one of 5 diets (Table 3): a 
cracked corn-based control (CORN), 15% ALG (ALG15), 30% ALG (ALG30), 45% ALG 
(ALG45), and 60% ALG (ALG60). Algae meal was added at the expense of dry rolled corn 
across diets.  
 Before the start of the trial lambs were adapted to the facilities and a concentrate-
based diet for 5 d. Experimental periods lasted 15 d with 10 d for adaptation to treatment 
diets and 5 d for total fecal and urine collection. For the first 3 d of adaptation lambs were 
paired by treatment and housed in a pen setting. On d 4 lambs were moved to individual 
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metabolism crates to allow for total collection of urine and feces. Feed and water was 
delivered as described in Exp. 1.  
 Sample Collection and Analytical Procedures. Total mixed rations, feed refusals, 
urine, and feces were collected and analyzed as described in Exp. 1 with the following 
modifications. Feed refusals and TMR were ground to pass through a 2 mm screen using a 
Thomas-Wiley Laboratory Mill (Model 4, Thomas Scientific USA, Swedesboro, NJ) and an 
additional sub-sample of TMR, feed refusals, urine, and feces were shipped to the University 
of Arkansas Central Analytical Laboratory (Poultry Science Center, Fayetteville, AR) for N 
analysis (AOAC, 1990). A reference standard of Brome grass hay was included for fiber 
analysis (NDF and ADF) to verify intra-assay accuracy (intra-assay CV of 3.38% for NDF 
and 4.15% for ADF).  
 Blood (approximately 10 mL) was collected via jugular venipuncture into heparinized 
(158 USP units of sodium heparin) vacutainer tubes (Becton, Dickinson and Company, 
Franklin Lakes, NJ) 4 h after feeding (1200 h) on d 11 through d 15. Blood samples were 
immediately placed on ice for transport to the laboratory and centrifuged (1,200 x g, 4C, 12 
min) within 1 h of collection. Plasma was extracted and frozen at -80°C for later analysis of 
plasma urea-N (PUN). Plasma urea-N was determined with a commercially available 
colorimetric assay (Procedure No. 2050, Stanbio Laboratory, Boerne, TX) using a 
spectrophotometer (Eon Microplate Spectrophotometer, BioTek, Winooski, VT) at a 
wavelength of 600 nm. A reference sample of pooled bovine plasma (intra-assay CV of 
3.77%) was utilized with each run.  
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Statistical Analysis 
 Experiment 1. Data were analyzed by ANOVA using the Mixed procedure of SAS 
9.4 (SAS Institute, Inc. Cary, NC). The experimental unit for all analyses was individual 
lamb (n = 8). Period and treatment were considered fixed effects for dietary analyses and 
period, treatment and lamb nested within square were considered fixed effects for input, 
output, and digestibility analyses. Three single df contrast statements were constructed a 
priori: 1) CON vs. the average of the three treatments including PDM, and 2) linear, and 3) 
quadratic effects of increasing inclusion of PDM.  
 Experiment 2. Data were analyzed by ANOVA in SAS 9.4 (SAS Institute, Inc. Cary, 
NC) using the Mixed procedure with lamb as the experimental unit (n = 10). The model 
included the fixed effects of period and dietary treatment for dietary analyses and period, 
dietary treatment, and lamb nested within square were considered fixed effects for input, 
output, and digestibility analyses. Four single df contrast statements were constructed prior to 
analysis: 1) CORN vs ALG, 2) linear, 3) quadratic, and 4) cubic effects of increasing 
inclusion of ALG.   
 For the experiments all data were examined for outliers using Cook’s D statistics and 
no outliers were removed. Significance was declared at P ≤ 0.05 and tendencies were 
declared at 0.06 ≤ P ≤ 0.10. Means reported in the tables are least squares means 
(LSMEANS) ± SEM.  
RESULTS 
Experiment 1 
 The analyzed nutrient composition of the experimental diets for Exp. 1 is reported in 
Table 4. Dry matter concentration was lesser (P = 0.002) for CON compared with diets 
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containing PDM, linearly (P < 0.001) increasing as the inclusion of PDM increased in the 
diet. There was a quadratic (P = 0.01) effect on OM concentration of the diets, likely driven 
by the lesser OM of the PDM20 diet. Both NDF and ADF concentrations were greater (P < 
0.001) for control than PDM-containing diets and there was a linear (P < 0.001) decrease in 
these nutrients as PDM increased in the diet. Ether extract and N concentrations did not differ 
(P ≥ 0.13) across diets. Non fibrous carbohydrate concentrations were lesser (P < 0.001) for 
CON than PDM-containing diets and linearly (P < 0.001) increased as PDM inclusion 
increased in the diet. 
 Lamb DMI, OMI, as well as fecal DM and OM output and urine output and diet 
digestibility data for Exp. 1 are reported in Table 5. Neither DMI nor OMI differed (P ≥ 
0.14) between CON and PDM-fed lambs. Fecal DM and OM output did not differ (P ≥ 0.90) 
between CON and PDM-fed lambs. Urine output linearly (P = 0.02) increased as PDM 
increased in the diet. Both DM and OM digestibility were greater (P ≤ 0.05) for CON than 
PDM-fed lambs and linearly (P ≤ 0.004) decreased as inclusion of PDM increased in the diet. 
Neutral detergent fiber and ADF digestibility were greater (P < 0.001) for CON than PDM-
fed lambs. Also, there was a quadratic (P ≤ 0.04) effect for NDF and ADF digestibility as 
PDM inclusion increased in the diet. Ether extract digestibility was not different (P = 0.26) 
between CON and PDM-fed lambs while N digestibility linearly (P = 0.05) decreased as 
PDM inclusion increased in the diet. Nitrogen retention was greater (P = 0.01) for the CON 
vs. PDM-fed lambs and linearly (P = 0.004) decreased as PDM inclusion increased in the 
diet. Non fibrous carbohydrate digestion did not differ (P = 0.37) between CON and PDM-
fed lambs. 
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Experiment 2 
 The analyzed composition of the experimental diets for Exp. 2 is reported in Table 6. 
Dry matter was lesser (P < 0.001) for CORN than ALG. There was a quadratic (P = 0.02) 
effect of ALG inclusion on diet DM. Organic matter was greater (P < 0.001) for CORN than 
ALG, and there was a linear (P < 0.001) decrease as ALG increased in the diet. Neutral 
detergent fiber, ADF, and EE concentrations were lesser (P < 0.001) for CORN than ALG, 
and there was a linear (P < 0.001) increase in these nutrients as inclusion of ALG increased 
in the diet. Nitrogen content, and thus CP, did not differ across diets (P = 0.33). Non fibrous 
carbohydrate content was greater (P < 0.001) for CORN than ALG and linearly (P < 0.001) 
decreased as ALG increased in the diet.  
 Dry matter intake, OMI, fecal and urine outputs, and diet digestibility for Exp. 2 are 
reported in Table 7. During the 5 d collection period lamb DMI and OMI were lesser (P = 
0.01) for CORN than ALG, and there was both a linear (P ≤ 0.04) increase and a tendency 
for a quadratic (P = 0.09) effect of ALG inclusion. Correspondingly, daily fecal DM and OM 
output were lesser (P < 0.001) for CORN than ALG with both linear (P < 0.001) increases 
and a tendency for a quadratic (P ≤ 0.07) effect in fecal DM and OM output as ALG 
increased in the diet was noted. Urine output was not different (P = 0.66) between CORN 
and ALG; however, there was a tendency for both a linear (P = 0.08) and quadratic (P = 
0.06) effect due to ALG inclusion. These effects appear to be driven by the greater amount of 
urine produced by the ALG60 lambs and the lesser amount of urine produced by the ALG30 
lambs.   
 Dry matter digestibility and OM digestibility were greater (P < 0.001) for CORN than 
ALG and linearly (P < 0.001) decreased as the inclusion of ALG increased. Neutral detergent 
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fiber and ADF digestibility were lesser (P ≤ 0.03) for CORN than ALG. There was a linear 
(P ≤ 0.03) increase in NDF and ADF digestibility data. Ether extract digestibility was lesser 
(P = 0.002) for CORN than ALG, and there was a linear (P = 0.002) increase in EE 
digestibility due to the lesser digestibility by the CORN-fed lambs and the increased 
digestibility by lambs fed ALG60. Lambs consuming the CORN diet had greater (P < 0.001) 
N digestibility than ALG lambs. There was both a linear (P < 0.001) decrease and cubic (P = 
0.03) effect for N digestibility, likely explained by the lesser, yet similar, N digestibility’s of 
the ALG30, ALG45, and ALG60 lambs. There was no difference (P = 0.22) in N retention 
between CORN and ALG. However, there was a cubic (P = 0.03) effect of ALG inclusion 
for N retention, which is likely driven by the greater N retention of the ALG15 lambs and the 
lesser N retention of the ALG45 lambs. Digestion of NFC was greater (P < 0.001) for the 
CORN-fed lambs and linearly (P < 0.001) decreased as ALG was added to the diet. Plasma 
urea N concentration was not different (P = 0.88) between CORN and ALG-fed lambs. 
DISCUSSION 
 Algae meal offers an attractive nutrient profile for ruminants; however, the utility of 
this novel feedstuff had not been previously determined. Efforts have been made to use lipid-
extracted microalgae as a replacement for corn or soybean meal in ruminant diets. Holstein 
cows supplemented with de-fatted Lithothamnium calcareum meal after induced acidosis 
demonstrated no change in total nutrient digestibility when in late lactation (Lopes et al., 
2013). Similarly, Dib (2012) suggested that up to 20% of de-fatted algal biomass can be fed 
to wethers as a protein source with no effect on performance or carcass characteristics.  In 
addition, when compared directly to soybean meal, some lipid extracted algae has been 
shown to be a promising protein feedstuff, contributing to increased VFA production and in 
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some cases up to 36% greater microbial efficiency (Lodge-Ivey et al., 2013). However, due 
to the vastly different nutrient profiles among algae feedstuffs, particularly differences in CP, 
NDF, and mineral content, making comparisons across feeding studies is challenging.  
 In Exp. 1, no differences were observed in DMI and OMI supporting the fact that 
palatability and preference are of minimal concern for this novel feedstuff. Previously, Van 
Emon et al. (2015) reported that when ALG replaced wet corn gluten feed at up to 45% of 
DM in diets fed to growing calves, DMI linearly increased. Similarly, in Exp. 2 when ALG 
replaced corn on a DM basis, DMI and OMI linearly increased in those ALG-fed lambs when 
fed at up to 60% of the diet DM. There was also a tendency for a quadratic effect of both 
DMI and OMI; however, this is likely explained by the lesser DMI and OMI of lambs on the 
CORN diet while lambs consuming ALG at any concentration had similar DMI and OMI.  
However, it is important to remember that both PDM and soyhulls constitute ALG and both 
portions can affect intake and digestibility. Anderson et al. (1988) reported that grinding and 
diminuation of particle size can negatively impact nutrient digestibility of soyhulls and that 
ground soyhulls had an increased rate of passage compared to that of whole soyhulls. 
Because of a smaller particle size, ground soyhulls have an increased specific gravity. Grant 
(1997) reported that in a pelleted mix for dairy cows, when soyhulls increased from 50% to 
90% of the pellet passage rate increased by 8%. Furthermore, it is known that increased 
consumption of feed will lead to increased passage rate caused by added feed increasing and 
pressuring the flow of undigested residues (Van Soest, 1994). Thus, the small particle size of 
ALG may be affecting passage rate and subsequently intake when compared to a corn based 
diet. Increased DMI and OMI could also be driven by lesser energy content of the ALG when 
compared to corn, indicating that lambs are simply consuming more DM to meet their energy 
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needs. Perhaps the best explanation combines these two possibilities; decreased available 
energy leads to increased intake and passage rate. Ultimately, a feedlot trial under practical 
conditions is needed to further determine the energy and feeding value of ALG. 
 Though not dramatic, in both feeding trials, lamb DM and OM digestibility linearly 
decreased as ALG was added to the diet. In Exp. 1, this decrease is likely driven by decreases 
in fiber digestibility as PDM replaced soyhulls in the diet. Interestingly, even though fiber 
and N digestibility were decreased as PDM increased in the diet, overall impacts on DM 
digestibility were relatively small. This is due largely to the similar NFC digestibility 
observed across diets and the fact that NFC constitute a greater portion of ALG containing 
diets. Algae meal has a calculated NFC concentration of 42.5%, while soyhulls have a NFC 
concentration of only 11.9%, and corn has the greatest NFC concentration of 79.9%. Non 
fibrous carbohydrates often include rapidly fermentable starches and sugars. The NFC 
content of the PDM appears to be a function of the compounds utilized in the media during 
algae growth and likely consists of a variety of fermentable sugars. However, in Exp. 2, this 
decrease in DM and OM digestibility may be best explained by the decrease in NFC 
digestibility. This decrease in NFC digestion is easily explained by the 35% decrease in 
dietary concentrations of NFC from the CORN to the ALG60 treatment. The issue of passage 
rate may also play a role in explaining these decreases in DM and OM digestibility, as an 
increase in feed intake can also lead to a depression in digestibility (Van Soest, 1994).  
 Concentrate feedstuffs provide increased quantities of easily fermentable 
carbohydrates, driving ruminal pH down due to the production of lactic acid and VFA. This 
decreased pH can negatively affect cellulolytic bacteria populations, and consequentially, the 
digestibility of plant and potentially algae cell walls (Mould et al., 1983). These negative 
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associative effects are commonly noted in diets containing both grain and fibrous feedstuffs, 
such as that fed in Exp 1. It has been reported on several occasions that supplementing cattle 
consuming forage based diets with pure starch or feeds containing high amounts of starch, 
such as corn, decreases fiber digestion (Joanning et al., 1981; Chase and Hibberd, 1987; 
Olson et al., 1990). Shriver et al. (1986) reported that in a continuous culture system when a 
diet of 65% concentrate and 35% hay was provided, pH dropped below 6.0 and resulted in a 
depression in fiber digestibility. The diet utilized in the continuous culture system is 
comparable to the PDM30 diet fed in Exp. 1 which contained 32.3% NDF and 46.2% NFC. 
This similarity suggests that ruminal pH and thus fiber digestibility may have been 
negatively impacted in lambs fed PDM30. The lesser fiber digestion by PDM30-fed lambs 
likely drives the quadratic effect of NDF and ADF digestibility in Exp. 1, as the other 
treatments displayed less acute decreases in fiber digestion compared to the control-fed 
lambs.  A decrease in pH may not be not be singularly driving the depression of fiber 
digestibility in a concentrate based diet. Because of the media utilized for growth of this 
particular algae, PDM potentially offers a variety of fermentable simple sugars which could 
alter the rumen environment and microbial populations, and could ultimately affect 
fermentation. For example, during glucose fermentation, Piwonka and Firkins (1996) 
reported that a proteinaceous inhibitor was produced which inhibits fibrolytic organisms even 
when pH was maintained above 6.2 in mixed cultures.  
 In Exp. 2 of the present report, inclusion of 60% ALG in the diet increased NDF 
digestibility by approximately 13% compared to the control-fed lambs. Similarly, the NDF 
content of the high ALG diet increased 15% compared to the control diet. This enhancement 
of NDF digestibility could be associated with the highly digestible nature of the NDF in 
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soyhulls (Firkins, 1997). Increasing ALG in place of corn may be driving this increase in 
NDF digestion, potentially lessening the negative associative effects of corn on fiber 
digestion as more soyhulls (in ALG) were introduced into the diet (Anderson et al., 1988; 
Firkins, 1997). Firkins (1997) also reported that potentially digestible fiber may be shifted to 
the lower gastrointestinal tract due to smaller particle size where postruminal fermentation 
can occur. As neither ruminal pH nor the site of NDF digestion were measured in this study, 
it is unknown if these factors are contributing to the differences in NDF digestion observed. 
Therefore, further research will be required to determine the effects of ALG on ruminal pH 
as well as the contribution to total tract digestion from unique sites within the gastrointestinal 
tract.  
 Ether extract digestibility was not different across treatments in Exp. 1, as designed, 
since treatment diets were balanced to have equal EE content. The increasing digestibility of 
EE in Exp. 2 may simply reflect the differences in the concentration of EE in the dietary 
treatments. While the goal of this algae production process is to extract oil utilized for 
production of biofuels, chemicals, human nutritionals, and cosmetics, some residual oil 
remains behind in the ALG. Soyhulls only contain 2.6% EE according to the NRC (2007) 
and therefore contribute minimally to the total EE composition of ALG. The ALG utilized in 
Exp. 2 contained 7.54% fat, thus the total EE content of the diet increased as the inclusion of 
ALG increased.  The fact that EE was balanced in Exp. 1 with the addition of corn oil and 
was not balanced in Exp. 2 is ultimately a limitation associated with comparing EE 
digestibility across treatments. 
 In both experiments a decrease in N digestibility was observed. However, in Exp. 1 
this decrease in N digestibility and retention could once again simply be reflective of the 
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negative associative effect of increasing concentrate feedstuffs in fibrous-based diets. In two 
continuous culture fermentation studies comparing high concentrate and high forage diets, 
Cardozo et al. (2000, 2002) reported that protein degradation was decreased in both diet 
types when pH decreased from 7 to 4.9. This ultimately can help explain the lesser N 
digestibility reported in Exp. 1. Diets containing greater amounts of starch tend to be rapidly 
fermented by ruminal bacteria and consequently acid production is increased. Cellulolytic 
organisms tend to be less tolerant of these conditions and thus may decrease in number 
(Slyter, 1976). While proteolytic bacteria are less likely to be affected by decreases in pH 
(Endres and Stern, 1993), it is likely that protein degradation requires the presence of both 
proteolytic and nonproteolytic enzymes (Bach et al., 2005). This was clearly illustrated by 
Endres and Stern (1993) who reported a decrease in CP digestion when pH decreased from 
6.3 to 5.9; however, while proteolytic bacteria counts were not affected by this decrease in 
pH, cellulolytic bacteria counts decreased about 50%. While microbial populations were not 
measured in the present study, bacterial population shifts as induced by feeding increasing 
amounts of PDM in place of soyhulls may aid in explaining the observed shifts in nutrient 
digestibility by these lambs. 
 While results from Exp. 1 suggest that ALG may act more similarly to grain than 
non-roughage fiber. However, when ALG was compared to corn in Exp. 2 a decrease in N 
digestibility were still noted. Previous research has shown that the N and thus CP 
digestibility of soyhulls is decreased in some cases due to protein damage from heat 
processing (McDonnell, 1982; Nakamura and Owen, 1989). Furthermore, due to increased 
passage rates, soyhulls tend to escape rumen degradation and become subjected to hindgut 
fermentation which inflates fecal CP values and decreases apparent N digestibility 
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(Nakamura and Owen, 1989). This may help explain why even though all diets were similar 
for total N in Exp. 2, there were changes in both lamb N digestibility and N retention across 
treatments. Fine ground particles may pass from the rumen before the microbial process of 
attachment, penetration, and digestion can be completed (McAllister et al., 1994). Even 
though the ALG is providing a source of N, the fibrous feedstuff is potentially passing at an 
accelerated rate and the microbial population may not be able to utilize the available N.  
  In conclusion, the results of this study suggest that ALG is highly digestible by 
ruminants and readily consumed by lambs. While a larger study under more practical 
conditions that provides a longer dietary adaptation may further help to classify this novel 
feedstuff, from a nutritional standpoint, ALG offers an attractive combination of protein, 
fiber, and fat and could potentially serve as a viable component of ruminant diets. However, 
the influence of ALG inclusion on fiber digestion in Exp.1 and a small particle size may 
suggest that ALG is more characteristic of a concentrate rather than a fibrous feedstuff.  
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Table 1. Nutrient composition of algae meal1 
Item Algae meal2 
Dry matter 98.61 
%, DM basis  
     CP 9.94 
     NDF 34.20 
     Ether extract 7.15 
     Ash 6.21 
     NFC3 42.50 
     Ca 0.33 
     P 0.32 
     Mg 0.35 
     K 1.96 
     S 0.59 
     Na 0.14 
mg/kg, DM basis  
     Mn 13 
     Zn 81 
     Cu 5 
     Fe 686 
     Mo 2.96 
1Nutrient composition of the algae meal was analyzed by the commercial laboratory Dairyland 
Laboratories, Inc., Arcadia, WI. 
2Contains 43% soyhulls and 57% partially deoiled microalgae. 
3Non fibrous carbohydrate: calculated by the equation (100 – Ash – Crude Protein – Ether extract – 
NDF). 
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Table 2. Ingredient composition of finishing lamb diets fed in Exp. 1 
  Partially Deoiled Microalgae  
Ingredient (% DM) Control 10% 20% 30% Washout 
      
Corn 19.26 19.90 20.54 21.19 30.36 
WCGF1 15 15 15 15 15 
Hay 8 8 8 8 10 
Algae meal2 - 17.54 35.09 52.63 - 
Ground soyhulls3 52.63 35.09 17.54 - 39.12 
Corn oil  2.10 1.40 0.70 - 2.10 
Limestone 0.48 0.32 0.16 - 0.43 
Salt 0.29 0.24 0.20 0.16 0.30 
Urea4 0.20 0.31 0.42 0.53 0.43 
Ammonium chloride 0.50 0.50 0.50 0.50 0.50 
Ca carbonate 0.63 0.87 1.10 1.33 0.85 
Elemental S 0.25 0.17 0.09 - 0.25 
Bovatec5 0.02 0.02 0.02 0.02 0.02 
Vitamin A, D, and E premix6 0.10 0.10 0.10 0.10 0.10 
Mineral premix7,8 0.54 0.54 0.54 0.54 0.54 
1Wet corn gluten feed (39.26% DM, 3.19% fat, 0.53% S). 
2Contains 43% soyhulls and 57% partially deoiled microalgae.  
3Soyhulls from the same location as those utilized in the production of algae meal. 
4Contained 46% N. 
5Provided Lasalocid at 25g/909 kg of diet DM. 
6Contained 900,000 IU of Vitamin A, 225,000 IU of Vitamin D, and 180 IU of Vitamin E per kg of 
premix. 
7Provided per kg of diet DM: 30 mg of Zn (zinc sulfate), 25 mg of Mn (manganese sulfate), 0.6 mg 
of I (calcium iodate), 0.22 mg of Se (sodium selenite), and 0.2 mg of Co (cobalt carbonate). 
8Magnesium sulfate added to achieve a concentration of 0.28% in all diets.  
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Table 3. Ingredient composition of diets fed to lambs in Exp. 2 
 Algae meal 
Ingredient, % DM Control 15%  30% 45%  60%  
  
Corn 60 45 30 15 - 
Wet corn gluten feed 25 25 25 25 25 
Hay 10 10 10 10 10 
Algae meal1 - 15 30 45 60 
Corn dried distillers 
grains2 
1.44 1.44 1.44 1.44 1.44 
Limestone 2.10 2.10 2.10 2.10 2.10 
Salt 0.31 0.31 0.31 0.31 0.31 
Ammonium chloride 0.50 0.50 0.50 0.50 0.50 
Bovatec3 0.015 0.015 0.015 0.015 0.015 
Vitamin A, D, and E 
premix4 
0.10 0.10 0.10 0.10 0.10 
Mineral premix5 0.54 0.54 0.54 0.54 0.54 
1Contains 43% soyhulls and 57% partially deoiled microalgae.  
2Carrier for micro-ingredients.  
3 Provided Lasalocid at 25g/909 kg of diet DM. 
4Contained 900,000 IU of Vitamin A, 225,000 IU of Vitamin D, and 180 IU of Vitamin E per kg of 
premix. 
5Provided per kg of diet DM: 500 mg of Mg (magnesium sulfate), 30 mg of Zn (zinc sulfate), 25 mg 
of Mn (manganese sulfate), 0.6 mg of I (calcium iodate), 0.22 mg Se (sodium selenite), and 0.2 mg of 
Co (cobalt carbonate). 
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Table 4. Analyzed nutrient composition of diets for Exp. 1 
  Partially Deoiled 
Microalgae (PDM) 
 P-value 
 Control 10% 20% 30% SEM Control 
vs. PDM 
Linear Quadratic 
Dry matter 76.54 76.69 77.31 77.83 0.146 0.002 <0.001 0.23 
%, DM basis         
     Organic matter 94.48 94.30 94.01 94.52 0.110 0.15 0.74 0.01 
     NDF 48.36 44.22 38.89 32.26 1.354 <0.001 <0.001 0.38 
     ADF 28.67 25.57 21.68 16.63 0.861 <0.001 <0.001 0.28 
     Ether extract 3.59 4.17 3.73 4.08 0.209 0.13 0.30 0.60 
     Nitrogen 1.92 1.96 1.93 1.92 0.018 0.51 0.78 0.26 
     Crude protein 12.02 12.23 12.09 12.02 0.115 0.51 0.78 0.26 
     NFC1 30.50 33.68 39.30 46.15 1.477 <0.001 <0.001 0.25 
1Non fibrous carbohydrate: calculated by the equation (100 – ash – crude protein – ether extract – 
NDF). 
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Table 5. Lamb intake and output and diet digestibility calculations for Exp. 1 (% DM basis) 
  Partially Deoiled 
Microalgae (PDM) 
 P-value 
 Control 10% 20% 30% SEM Control 
vs PDM 
Linear Quadratic 
Lambs (n) 8 8 8 8     
DMI, kg/d 1.31 1.14 1.27 1.20 0.062   0.16   0.48 0.46 
OMI, kg/d 1.24 1.08 1.20 1.14 0.058   0.14   0.47 0.41 
Daily output         
     Fecal, kg of 
     DM/d 
0.36 0.32 0.37 0.38 0.025   0.90   0.34 0.37 
     Fecal, kg of 
     OM/d 
0.33 0.29 0.35 0.35 0.023   0.98   0.27 0.36 
     Urine, L/d 0.57 0.72 0.77 0.87 0.080   0.03   0.02 0.71 
DM digestibility, % 72.7 72.1 70.3 68.4 1.01   0.05   0.004 0.53 
OM digestibility, % 73.6 72.9 71.0 69.1 1.01   0.04   0.003 0.55 
NDF digestibility, % 65.5 61.3 53.6 39.0 2.36 <0.001 <0.001 0.04 
ADF digestibility, % 65.0 60.7 50.9 30.2 2.66 <0.001 <0.001 0.006 
Ether extract 
digestibility, % 
85.4 89.7 88.0 86.0 1.94   0.26   0.97 0.12 
N digestibility, % 60.2 58.9 58.0 57.2 1.10   0.10   0.05 0.83 
N retention, g/d 10.1 8.4 8.9 6.8 0.64   0.01   0.004 0.86 
NFC digestibility1, % 90.5 91.4 90.8 91.1 0.60   0.37   0.61 0.63 
1Non fibrous carbohydrate: calculated by the equation (100 – Ash – Crude Protein – Ether extract – 
NDF). 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
Table 6. Analyzed nutrient composition of diets for Exp. 2 
  Algae meal  P-value 
 Control 15% 30% 45% 60% SEM Control 
vs. Algae 
Linear Quadratic Cubic 
Dry matter 66.28 68.38 70.62 71.73 72.59 0.383 <0.001 <0.001 0.02 0.75 
%, DM basis           
     Organic matter 95.84 94.81 94.46 93.48 92.81 0.141 <0.001 <0.001 0.21 0.40 
     NDF 25.20 29.73 33.01 35.13 40.20 1.195 <0.001 <0.001 0.99 0.28 
     ADF 9.66 13.09 16.05 18.29 22.09 0.714 <0.001 <0.001 0.99 0.38 
     Ether extract 2.89 3.29 3.91 4.38 4.76 0.169 <0.001 <0.001 0.77 0.56 
     Nitrogen 1.76 1.81 1.75 1.80 1.79 0.029 0.33 0.54 0.79 0.62 
     Crude protein 10.98 11.30 10.96 11.25 11.18 0.180 0.33 0.54 0.79 0.62 
     NFC1 56.78 50.49 46.28 42.45 36.68 1.176 <0.001 <0.001 0.75 0.30 
1Non fibrous carbohydrate: calculated by the equation (100 – ash – crude protein – ether extract – NDF). 
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Table 7. Lamb intake and output and diet digestibility calculations for Exp. 2 (% DM basis) 
  Algae meal  P-value 
 Control 15% 30% 45% 60% SEM Control 
vs. Algae 
Linear Quadratic Cubic 
Lambs (n) 10 10 10 10 10      
DMI, kg/d 1.04 1.15 1.29 1.19 1.25 0.271 0.01 0.01 0.09 0.43 
OMI, kg/d 1.00 1.09 1.22 1.11 1.16 0.255 0.01 0.04 0.09 0.46 
Daily output           
     Fecal, kg of DM/d 0.26 0.31 0.39 0.39 0.40 0.100 <0.001 <0.001 0.06 0.90 
     Fecal, kg of OM/d 0.24 0.28 0.36 0.35 0.37 0.092 <0.001 <0.001 0.07 0.86 
     Urine, L/d 1.93 1.96 1.65 2.05 2.51 0.215 0.66 0.08 0.06 0.56 
DM digestibility, % 75.1 73.3 69.8 68.0 67.5 0.70 <0.001 <0.001 0.11 0.20 
OM digestibility, % 76.4 74.5 70.7 68.9 68.1 0.69 <0.001 <0.001 0.12 0.20 
NDF digestibility, % 37.5 42.9 44.7 44.9 50.7 1.85 <0.001 <0.001 0.92 0.13 
ADF digestibility, % 39.9 44.8 44.7 43.5 48.1 2.10 0.03 0.03 0.85 0.11 
Ether extract digestibility, % 83.5 87.0 87.9 87.9 89.5 1.20 0.002 0.002 0.31 0.27 
N digestibility, % 68.5 67.0 61.8 59.1 59.3 0.95 <0.001 <0.001 0.11 0.03 
N retention, g/d 7.5 9.3 8.9 7.2 9.0 0.75 0.22 0.72 0.69 0.03 
NFC digestibility1, % 94.1 92.4 89.5 88.4 85.0 0.64 <0.001 <0.001 0.46 0.56 
PUN2, mg/dL 9.4 9.8 9.6 9.6 8.9 0.47 0.88 0.45 0.29 0.98 
1Non fibrous carbohydrate: calculated by the equation (100 – ash – crude protein – ether extract – NDF). 
2Plasma urea nitrogen concentration.
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CHAPTER 4.  
EFFECTS OF INCREASED INCLUSION OF ALGAE MEAL ON FINISHING 
STEER PERFORMANCE AND CARCASS CHARACTERISTICS 
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ABSTRACT: The de-oiled residue from the production of heterotrophic microalgae can be 
combined with soyhulls to form a novel feedstuff called algae meal (ALG). To determine the 
effects of replacing corn in a finishing diet with ALG on growth, mineral status, carcass 
characteristics, and longissimus thoracis fatty acid profile, crossbred steers (168) were 
blocked by BW (432 ± 30.8 kg) into pens of 6 steers (7 pens per treatment). Pens received 1 
of 4 diets: a corn-based control (CON), 14% ALG (ALG14), 28% ALG (ALG28), and 42% 
ALG (ALG42). Corn was replaced by ALG on a DM basis. Steer BW were taken on d 0, 1, 
28, 56, 74, 101, and 102, and steers were harvested on d 103. Pen was the experimental unit 
and DMI, ADG, and G:F data were analyzed as repeated measures. Two steers per pen were 
selected for sampling of blood and liver (d -1 and 96), and collection of rib facings at harvest. 
There was a treatment by time effect (P = 0.10) for overall DMI and an overall trend of 
increased DMI as ALG increased in the diet (P < 0.001). There was a treatment by time 
effect for ADG (P = 0.002), with ADG linearly decreasing (P ≤ 0.03) in the first and third 
month, not differing (P = 0.95) in the second month, and linearly increasing (P < 0.001) in 
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the fourth month as ALG increased in the diet.  Final BW and HCW did not differ (P ≥ 0.50) 
between CON and ALG-fed cattle. There was a treatment by time effect for G:F (P < 0.001), 
with G:F linearly decreasing (P ≤ 0.001) in the first 3 months as ALG increased in the diet, 
while G:F linearly increased (P = 0.006) in the fourth month. Based on steer performance 
calculated dietary NEg linearly decreased (P < 0.001) as ALG increased in the diet. Yield 
grade linearly decreased (P = 0.02), and there was a tendency for dressing percent and 12th 
rib backfat to linearly decrease (P ≤ 0.10) as ALG increased in the diet. Plasma Cu, Fe, and 
Mg concentrations were not different (P ≥ 0.31) in CON vs. ALG cattle; however, plasma Zn 
concentrations linearly increased (P = 0.03) as ALG increased in the diet. Total lipid, SFA, 
MUFA, and PUFA concentrations in the longissimus thoracis did not differ (P ≥ 0.13) 
between CON and ALG-fed cattle. Interestingly, the atherogenic index favorably, linearly 
decreased (P = 0.005) as ALG increased in the diet. It appears ALG may have a lesser energy 
value than corn; however, minimal effect on carcass performance suggests ALG may serve 
as a potential replacement for corn in feedlot diets. 
Key Words: algae, cattle, fatty acid, finishing, mineral, novel feedstuffs,  
 
INTRODUCTION 
 Microalgae have been studied in animal diets tracing as far back as the 1950s (Lum et 
al., 2013). Recently however, a novel feedstuff has become available from the large-scale 
commercial production of heterotrophic microalgae utilized for bioenergy and oil. 
Heterotrophic microalgae, grown in dark fermenters, results in an algae meal (ALG) which 
may offer a more consistent nutrient profile than other sources of naturally produced marine 
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algae. Other algae feedstuffs often have increased concentrations of ash and the potential to 
cause mineral toxicity. Algae meal is comprised of both partially deoiled microalgae (43% 
DM basis) and soyhulls (57%), which offers a unique combination of fiber, protein, and fat. 
Previous research shows that ALG, when included at concentrations of up to 45% diet DM, 
will be actively consumed by beef steers (Van Emon et al., 2015). Also, ALG can be readily 
digested by feedlot lambs when displacing corn at up to 60% of diet DM (Stokes et al., 
2015), indicating that ALG may serve as a viable replacement for corn in the ruminant diet.  
 The ruminant diet can directly influence subsequent carcass characteristics. 
Improving the quality and consistency of beef carcasses can provide positive economic 
implications and ultimately impact consumer demand. The ruminant animal, with their 
unique ability to convert what may otherwise be waste products into nutritious animal protein 
via fermentation, is an ideal target for consumption of this novel feedstuff. Feedlot cattle 
represent a ready market for large quantities of ALG. Algae meal may serve as a potential 
substitute for corn, which is the basis for many feedlot diets worldwide; consequently 
contributing to global nutritional security for both humans and animals. Therefore, the 
objective of this study was to determine the impact of replacing corn with increasing 
inclusions of ALG on steer performance, mineral status, carcass characteristics, and steak 
fatty acid composition.  
MATERIALS AND METHODS 
All procedures involving the use of animals were approved by the Iowa State 
University Institutional Animal Care and Use Committee (#14-N-0001-A). Algae meal was 
approved for animal consumption by the Department of Health and Human Services of the 
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United States Food and Drug Administration, and animals were authorized for market for 
human food use (CVM approval 131209). The production of ALG has been previously 
described by Stokes et al. (2015) with the modification that the ALG used in the present 
study contained 43% partially deoiled microalgae and 57% soyhulls.  
Animals and Experimental design. To evaluate the impact of replacing corn in a 
finishing diet with ALG (Table 1) on growth and carcass characteristics, Angus-cross 
yearling steers (n = 168) were purchased at the Unionville Livestock Market (Unionville, 
MO) from a single source, in April 2014 and were transported to the Iowa State University 
Beef Nutrition Farm (Ames, IA). On d -20 steers were weighed, dewormed with Ivomec 
Eprinex Pour-On (Merial Animal Health, Duluth, GA), vaccinated with Bovi-shield GOLD 5 
(Zoetis, New York, NY), implanted with Component TE-IS with Tylan (80 mg trenbolone 
acetate [TBA], 16 mg estradiol, and 29 mg tylosin tartrate; donated by Elanco Animal 
Health), and identified with a unique visual and electronic identification tag. Prior to the start 
of the trial steers received a common starting diet for 7 d, followed by three step-up diets that 
gradually replaced hay, dried distillers grains with solubles (DDGS), and wet distillers grains 
with solubles (WDGS) with corn and modified distillers grains with solubles (MDGS) in 
preparation for the finishing diet. Steers were re-implanted on d 56 with Component TE-S 
with Tylan (120 mg TBA, 24 mg estradiol, and 29 mg tylosin tartrate; donated by Elanco 
Animal Health, Greenfield, IN).  
At the initiation of the study (May 2014), individual steer weights were taken over 2 
consecutive days and steers were blocked by initial BW (432.2 ± 30.8 kg, SD) into pens (6 
steers/pen and 7 pens/treatment) and randomly assigned to 1 of 4 treatments (Table 2): a 
corn-based control (CON), 14% ALG (ALG14), 28% ALG (ALG28), and 42% ALG 
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(ALG42). Algae meal was added at the expense of dry rolled corn on a DM basis and all 
diets included 25.5% MDGS to add moisture to the diet and serve as a primary protein 
source. On d 99 through d 102 all steers received a common washout diet per FDA 
requirements for withdrawal of ALG from the diet. Interim BW were collected on d 28, 56, 
and 74. On day 74 ractopamine hydrochloride (Optaflexx, donated by Elanco Animal Health, 
Greenfield, IN) was added to the diet (300 mg·steer-1·d-1) and fed for the last 28 d of the trial. 
Final BW was the average of BW collected on 2 consecutive days prior to harvest.  
Sample Collection and Analytical Procedures. Feed was delivered to cattle daily at 
approximately 0800 h, and cattle had ad libitum access to water. Steers were fed according to 
the modified slick bunk protocol as described by Drewnoski et al. (2014) and total feed 
offered and bunk scores were recorded daily. Samples of total mixed rations and ingredients 
were taken weekly to determine diet DM. Orts were weighed and sampled in conjunction 
with weigh dates and used to determine pen DMI. Samples were dried in a forced air oven at 
70°C for 48 h. Feed efficiency (G:F) was calculated for each weigh period from DMI and 
steer weight gain. Diet energy values (expressed as ME and NEg) were calculated based on 
the shrunk live BW and mean pen performance using the equation described by Plascencia et 
al. (1999). 
Mineral analysis. Liver and blood samples for trace mineral determination were 
collected at the start and end of the trial (d -1 and d 96) from 56 randomly selected steers (14 
per treatment; 2 per pen; the same steer was sampled on both dates). Liver biopsy samples 
were collected 2 h post-feed delivery using the method of Engle and Spears (2000). Biopsy 
samples were placed on ice and transported to the laboratory where they were frozen at -
20°C until further analysis. Blood was collected at the time of liver biopsy via jugular 
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venipuncture into K2EDTA vacuum tubes (10 mL; Becton, Dickinson and Co, Franklin 
Lakes, NJ) for plasma trace mineral analysis. Blood was transported on ice to the laboratory 
and then centrifuged at 800 × g for 18 min at 4°C. Plasma was removed and stored at -20°C 
until further analysis. Plasma samples were prepared and analyzed according to methods 
described by Pogge and Hansen (2013). Liver samples were dried at 70°C in a forced air 
oven and both feed and liver samples were digested using metal grade nitric acid 
(MARSXpress; CEMS, Matthews, NC) as described by Pogge et al. (2014) before mineral 
analysis. Digested liver samples were analyzed for Cu, Fe, Zn, and Mn, feed samples were 
analyzed for Cu, Fe, Mn, Zn, and S, and plasma samples were analyzed for Cu, Fe, Zn, and 
Mg concentrations. Trace mineral concentrations of liver, feed, and plasma were determined 
using inductively coupled plasma mass spectroscopy (PerkinElmer, Waltham, MA) using the 
method described by Pogge et al. (2012). A National Institute of Standards and Technology 
(Gaithersburg, MD) bovine liver sample was included in each liver and feed session and a 
UTAK Serum, SMx (UTAK Laboratories, Inc., Valencia, CA) sample was included in each 
plasma session to verify instrument accuracy.  
Carcass performance. Steers were harvested on d 102 when greater than 60% of 
steers were visually appraised to have at least 1.27 cm of backfat. Steers were harvested in 
Denison, IA at a commercial abattoir (Tyson Fresh Meats), and individual identification 
remained with each carcass following harvest. Carcasses were chilled for 24 h before being 
ribbed between the 12th and 13th ribs and graded according to USDA standards. Tri-County 
Carcass Futurity representatives (Iowa State University Beef Extension, Lewis, IA) collected 
carcass data at the plant and were blind to treatments. Data collected from harvested steers (n 
= 167) included HCW, 12th rib back fat thickness, KPH, LM area, marbling score, yield 
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grade, and quality grade. Carcass adjusted performance calculations utilized final BW 
determined by dividing HCW by the average dressing percent of 64%. A 4% shrink was 
applied to all live BW measurements before calculating ADG and G:F. Data from 1 steer on 
the CON diet were removed from the trial due to death unrelated to treatment. 
Fatty acid analysis. Following slaughter and a 24 h chill, a rib facing approximately 
1.27 cm thick, across the length and width of the longissimus thoracis at the 12th rib was 
removed from the right side of each carcass (n = 55). Rib facings from each steer were placed 
in individual plastic bags with an identification tag and transported on ice back to the 
laboratory where they were frozen at -20°C until further analysis. Lipid extraction from 2 g 
of ground muscle tissue (wet) was conducted according to the method previously described 
by Folch et al. (1957). Total lipid extracted from each steak was calculated as a percentage of 
the original 2 g of wet tissue. The extracted lipid was methylated according to the acetyl 
chloride/methanol method described by Christie (1972), and was standardized to achieve 40 
mg esterified lipid.  
Samples were analyzed for fatty acid profiles by gas chromatography (GC; model 
3800; Varian Analytical Instruments, Walnut Creek, CA) using a 100 m × 0.25 mm × 0.2 µm 
fused silica capillary column (SP – 2380; Sigma-Aldrich, St. Louis, MO), and a flame ion 
detector. Analysis was done using a temperature-programmed procedure described by Watts 
et al. (2013) and He was the carrier gas. One microliter of FAME was injected into the GC 
with a split ratio of 100. An internal standard was not used, however FAME standard gas-
liquid chromatography (GLC) 68D, GLC 79, GLC 81, and GLC 461 (Nu-Chek Prep, Inc., 
Elysian, MN) were used for peak identification and quantification (Kramer et al., 2008). The 
percentage saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), 
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polyunsaturated fatty acids (PUFA), omega 3 fatty acids, omega 6 fatty acids, and the ratio of 
PUFA-to-SFA and omega 3-to-6 fatty acids were calculated. Atherogenic index (AI) was 
calculated according to the equation described by Ulbricht and Southgate (1991):  
((C12∶0)+(4×C14∶0)+(C16∶0)) 
%MUFA+% PUFA
 . 
 
Statistical Analysis. Data were analyzed using the MIXED procedure of SAS (SAS 
Inst. Inc., Cary, NC) as a randomized complete block. The model for performance, carcass 
characteristics, and fatty acid percentage data included the fixed effects of the treatment and 
block. Dry matter intake, ADG, and G:F data were analyzed as repeated measures with the 
fixed effects of treatment, block, date, and the interaction between treatment and date. Values 
determined at d -1 for mineral analysis were used in a covariate analysis for all variables. Pen 
served as the experimental unit for all analysis (n = 7/treatment) and date was the repeated 
effect. Three single degree of freedom contrast statements were designed prior to the analysis 
of data: 1) CON vs ALG, 2) linear effect of ALG, and 3) quadratic effect of ALG. 
Significance was declared at P ≤ 0.05, and tendencies were declared from 0.05 < P ≤ 0.10. 
Means reported in the tables are least squares means (LSMEANS) ± SEM. 
RESULTS 
Steer performance results are presented in Table 3. Based on repeated measure 
analysis, DMI demonstrated a tendency for a treatment by date interaction (P = 0.10). This 
tendency is likely caused by the quadratic effect (P = 0.03) during d 28 to 56, with the CON 
cattle having lesser DMI, the ALG14 steers having intermediate intakes, and the ALG28 and 
ALG42 steers having the greatest and similar intakes. Repeated measures also revealed a 
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treatment by date interaction for ADG (P = 0.002). This effect on ADG is driven by several 
factors. On d 0 to 28 and d 56 to 74, ADG linearly decreased (P ≤ 0.03) as ALG inclusion 
increased in the diet.  However, on d 28 to 56, there was no effect (P = 0.93) of ALG 
inclusion on ADG. Contrary to all other dates, from d 74 to 102, ADG linearly increased (P < 
0.001) as ALG increased in the diet. Overall, ALG inclusion had no effect on final BW (P = 
0.74). Also, based on repeated measures analysis there was a treatment by date interaction for 
G:F (P < 0.001). This interaction is largely driven by the changes in ADG over time. On d 0 
to 28, 28 to 56, and 56 to 74, G:F linearly decreased (P ≤ 0.001) as ALG increased in the 
diet. However, similar to ADG the opposite occurred from d 74 to 102 as G:F linearly 
increased (P = 0.006) as ALG increased in the diet. Energy values (ME and NEg) for steers 
finished on the CON diet were greater (P < 0.001) compared to those finished on ALG and 
the inclusion of ALG resulted in a linear (P < 0.001) decrease in both values.  
Plasma and liver mineral status are presented in Table 4. Plasma Cu, Fe, and Mg 
concentrations were not different (P ≥ 0.30) due to any of the examined contrasts. However, 
plasma Zn concentration linearly increased (P = 0.03) as ALG increased in the diet. Liver 
Cu, Fe, and Zn concentrations were also not affected by any of the examined contrasts (P ≥ 
0.13). There was a tendency for a quadratic effect (P = 0.06) on liver Mn concentration as 
ALG was added to the diet, likely driven by the higher liver Mn concentration of steers fed 
the ALG14 diet.  
Carcass characteristics are presented in Table 5. Hot carcass weight, LM area, 
marbling score, and quality grade were not affected (P ≥ 0.14) by ALG inclusion. There was 
a tendency for a linear decrease (P = 0.10) in dressing percent, because of the lesser dressing 
percent of the ALG42 cattle. There was also a tendency for a linear decrease (P = 0.08) in 
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12th rib back fat, due to the lesser back fat of the ALG42 cattle. Percentage of KPH fat was 
greater (P < 0.02) for control than all the ALG steers and linearly decreased (P < 0.02) as 
ALG increased in the diet. Yield grade was improved with ALG inclusion, linearly 
decreasing (P < 0.02) as ALG inclusion increased in the diet. This is due to the lesser yield 
grade of the ALG42 steers. 
The longissimus thoracis fatty acid percentages and calculated ratios and individual 
fatty acids are presented in Tables 6 and 7, respectively. The concentrations of SFA, MUFA, 
PUFA, and the ratio of PUFA-to-SFA were not different (P ≥ 0.13) between CON and ALG 
fed cattle. There was a tendency for omega 3 fatty acid concentrations to be lesser (P = 0.06) 
for ALG-fed steers than CON-fed steers, likely driven by the tendency for C22:6n3 to be 
lesser (P = 0.06) for ALG than CON-fed steers. There was no difference (P = 0.57) between 
CON and ALG-fed cattle on omega 6 fatty acids. The addition of ALG to the diet led to a 
tendency for a quadratic effect (P = 0.10) on the ratio of omega 6-to-omega 3 fatty acids. 
This quadratic effect is primarily due to the greater omega 6-to-omega 3 ratio in steers fed 
the ALG14 diet. Control cattle had a greater (P = 0.02) AI than ALG-fed cattle and adding 
ALG to the diet favorably decreased (P = 0.005) the AI in a linear fashion. This decrease is 
likely related to the linear decrease (P ≤ 0.003) in C12:0 and C16:0 as well as the tendency 
for a linear decrease (P = 0.06) in C14:0. The addition of ALG had no effect (P ≥ 0.52) on 
the percentage of unknown peaks or the total percent of lipid of steaks.  
DISCUSSION 
The unique nutrient profile of the ALG used in this study suggests that it has potential 
as a feedstuff in ruminant diets. Our objective was to examine the effects of ALG on live and 
carcass-based performance as well as mineral status and steak fatty acid profile of feedlot 
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steers. Previous work indicates that ALG is highly palatable and is readily digestible by 
ruminant animals when included in the diet at up to 60% DM (Stokes et al., 2015). Similarly, 
no problems with palatability were observed in the present study and steers readily consumed 
ALG with minimal to no sorting.  
Overall ALG did not affect final BW or HCW suggesting that ALG can replace corn 
without affecting growth potential of cattle. However, those steers fed ALG had increased 
DMI across the entire trial. This demonstrates that although palatability is not a challenge 
with this feedstuff, steers fed ALG ultimately had to consume more to gain the same as their 
corn-fed counterparts. This was most notable in the ALG42 diet, suggesting this rate of corn 
replacement is likely too great for feedlot diets. This difference in performance resulted in a 
decrease in both ME and NEg as ALG replaced corn. However, increasing inclusion of ALG 
up to 42% of the diet did not impact LM area or quality grade of the cattle, which is 
important to producers choosing to sell cattle on a value base grid that rewards better 
marbling scores and discounts cattle with poorer quality grades. Interestingly, backfat and 
yield grade of cattle was decreased in the ALG42 cattle, meaning that these cattle still 
achieved an adequate marbling score while having a lesser amount of undesirable backfat. It 
appears that feeding ALG will have limited impact on carcass characteristics when compared 
to corn-fed cattle.  
Even though final BW and HCW were not different due to dietary treatment, an 
interesting pattern of growth and feed efficiency was noted in this study based on the live 
weights collected throughout. Both ADG and G:F data displayed a treatment by time 
interaction.  It is important to note that on d 28, 56, and 74, only single day BW were 
collected prior to feeding, therefore variation in gut fill may contribute to some differences 
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among treatments. For the period of d 0-28 and 56-74, the corn-fed control steers had greater 
ADG and consumed less feed than those fed any amount of ALG, therefore these steers were 
more feed efficient. No differences in ADG were noted among treatments from d 28-56; 
however, feed efficiency was still better in corn-fed cattle. However, this effect was 
completely reversed in the last 28 days of the trial. During this period ADG was greater for 
the ALG-fed steers, and even though these steers still had the greater DMI their feed 
efficiency was improved over the corn-fed control steers. In fact, the numerical trend was for 
ALG28 to be the most feed efficient during the final 28 days of the trial. During the last 28 
days of the trial all steers were also fed the beta-agonist ractopamine hydrochloride 
(Optaflexx). Beta-agonists are non-hormonal compounds that when fed to cattle alter and 
redirect the metabolism of fat while simultaneously increasing muscle fiber size (Mersmann, 
1998). This allows for increased efficiency and a carcass with a higher percentage of lean 
muscle while not affecting the overall ability of the carcass to grade choice (Walker, 2009). 
During the Optaflexx feeding period the cattle receiving ALG outgained the control cattle 
considerably, to the point that while they entered the final 28 days on feed weighing less than 
the control cattle they exited the trial with nearly identical final BW. Since the beta-agonist 
was fed to all cattle during the last 28 d in the present study it is not possible to determine 
from these data if an interaction between Optaflexx and ALG exists. It is unknown if the 
same trend would have existed without feeding Optaflexx or if perhaps this is a synergistic 
effect between the beta-agonist and ALG. This may be due to the stage of growth of the 
cattle at the start of Optaflexx feeding or potentially a synergy between some component of 
ALG and this particular growth enhancing technology; further research is needed to evaluate 
this potential interaction.  
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Recently, lipid-extracted algae have become the subject of study as a feed 
replacement for corn and soybean meal in ruminant diets. Previous work by Dib et al. (2012) 
suggests that up to 20% of a defatted algae meal can be fed to wethers as a protein 
replacement with no effects on performance or carcass characteristics. Similarly it has been 
reported that feeding 100 mg N/kg BW of a post-extraction algal residue as a protein 
supplement to steers can maximize the utilization of straw in the diet (Drewery et al., 2014). 
However, often the conditions under which these algal products are grown results in 
increased concentrations of ash, largely comprised of Fe, Cu, and Al. This increase in ash 
ultimately results in an increased potential for toxicity of micro- and macro minerals and thus 
limits the acceptable inclusion rate in diets. While the nutritional profile of these algal 
products can vary considerably with the species of algae used, the majority are characterized 
by increased protein content, with some species having over 70% CP (Lum et al., 2013). This 
increased protein content can also ultimately affect the rate of inclusion in the diet. Due to 
the controlled media of the heterotrophic fermentation process in which the ALG utilized in 
the present study is cultured, the resulting product offers a more favorable mineral and 
nutrient profile.  
While other algae containing feedstuffs have raised concerns due to their potential for 
micro- and macro mineral toxicity, it is notable that all concentrations of analyzed minerals 
in the ALG used in this study are less than the NRC (2005) maximum tolerable levels. In the 
present study, mineral status was examined because initial analysis of ALG samples 
indicated increased S content, and when fed with ethanol coproducts might have challenged 
Cu status. Interactions between Cu, S, and Mo in the rumen can lead to the formation of S-
Mo compounds called thiomolybdates. Thiomolybdates scavenge Cu and decrease the Cu 
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available for important biochemical processes (Suttle, 1991). However, analysis of the final 
ALG utilized in the present study revealed S to be only moderate in concentration (0.35%), 
likely contributing to the lack of differences due to ALG inclusion in the diet on plasma Cu, 
Fe, and Mg concentrations as well as liver Cu, Fe, and Zn concentrations. Interestingly, in the 
present study an increase in plasma Zn concentration was noted. The ALG contained 57 mg 
Zn/kg DM (Dairyland Laboratories, Arcadia, WI), more than 2 times the 24.2 mg Zn/kg DM 
typically found in corn (NRC, 2000). Previous research by Genther et al. (2014) has reported 
that supplementation of Optaflexx and up to 90 mg Zn/kg DM from a Zn amino acid 
complex linearly increases BW, suggesting a potential positive interaction between 
Optaflexx and Zn. This is one possible reason for the improved gain during the Optaflexx 
feeding period of ALG-fed cattle in the present study; however, further research is needed.  
The composition of fatty acids and methods to improve this composition are of 
important relevance due to their implications for human health. Due to the controlled 
growing environment of microalgae for specialized oil production, ALG offers a fatty acid 
profile distinct from corn. The corn utilized in this trial contained 4% oil while the ALG 
contained 11%. Various properties such as degree of saturation and the physical association 
of fat with feed particles and microbes can alter the antimicrobial effects these lipids have in 
the rumen (Jenkins, 1992). The ALG fed in the current study offered nearly 3 fold more 
C18:1, two thirds less C16:0, and almost nine times less C18:2 compared to corn. 
Interestingly, Smith and Johnson (2014) reported that as fat percentage of beef increased the 
oleic acid content of the beef also increased. If oleic acid is contributing to marbling 
development, feeding the high oleic ALG may offer an opportunity to improve marbling 
scores. However, that oleic acid would need to bypass ruminal biohydrogenation, and based 
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on the fatty acid profile of steaks collected in this study that does not appear to occur. 
Unsaturated fatty acids in the diet are commonly altered by ruminal microbes through 
biohydrogenation such that the fatty acid profile of meat may not match that of the diet 
(Jenkins, 1992; Harfoot and Hazelwood, 1997). Concentrations of SFA, MUFA, PUFA, and 
the ratio of PUFA-to-SFA from the longissimus thoracis were similar between traditional 
corn-fed steers and the ALG-fed steers. The similarity in fatty acid composition of steaks 
among treatments suggests a substantial portion of the fat in ALG, which is largely 
comprised of unsaturated fatty acids, is available in the rumen for biohydrogenation. 
Additionally, because the ALG has a much greater fat content than corn likely more overall 
dietary fat is available in the rumen for digestion and saturation by the microbes as ALG 
replaces corn. 
There has been considerable interest in the use of algae-containing feedstuffs to shift 
meat fatty acid profiles to contain increased amounts of omega-3 fatty acids because of the 
reported benefits to human health (Hopkins et al., 2014; Phelps et al., 2015). Franklin et al. 
(1999) reported that feeding dairy cattle, consuming approximately 17 kg of DM per d an 
additional 910 g of marine algae increased concentrations of omega-3 fatty acids in milk. 
However, it is important to note that the ALG used in this study is not a marine algae and 
thus does not offer increased concentrations of omega-3 fatty acids. In fact, in the present 
study longissimus thoracis concentrations of omega-3 actually tended to be lesser in ALG-
fed steers than in their corn-fed counterparts. Despite the fact that ALG-fed steers tended to 
have lesser concentrations of omega-3 fatty acids in steaks, they may still offer some health 
benefits. In the present study, cattle fed ALG had a lesser AI and this index decreased as 
more ALG was added to the diet, likely due to decreases in C12:0, C14:0, and C16:0. 
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Dieticians utilize the AI as a marker for the potential risk of atherosclerosis (Yang et al., 
2008). Atherosclerosis is a form of chronic inflammation that results when lipoproteins 
interact with macrophages, T cells, and the arterial wall and in Western societies is the most 
common cause of death (Glass and Witztum, 2001). Feeding ALG may offer producers a 
viable way to improve the health benefits of meat by favorably altering the fatty acid profile.  
In conclusion, the results of this study suggest that ALG can serve as a replacement 
for corn in feedlot diets with minimal effect on live and carcass based performance. 
However, because DMI is clearly increased by ALG, feed efficiency is decreased suggesting 
that ALG may have a lesser feeding value than that of corn. Interestingly, the ALG14 
treatment was not largely different from the CON-fed cattle thus more work is needed to 
refine the optimal inclusion for ALG in feedlot diets. Still, the unique combination of protein, 
fiber, and fat in ALG allows this product to be a viable feedstuff in ruminant diets. Algae 
meal may also offer the opportunity for producers to alter the fatty acid profile of meat, thus 
offering a product with increased health benefits. Additional research will be required to 
determine how this feedstuff will best be utilized by the livestock industry, including 
synergies with other feedstuffs and commonly utilized technologies, and supplementation of 
high forage diets.  
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Table 1. Nutrient composition of algae meal1 
Item Algae meal2 
Dry matter 98.18 
%, DM basis  
     CP 8.96 
     NDF 42.12 
     Fat 9.47 
     Ash 5.17 
     NFC3 34.28 
     Ca 0.43 
     P 0.21 
     Mg 0.31 
     K 1.59 
     S 0.35 
     Na 0.09 
mg/kg, DM basis  
     Mn 43 
     Zn 57 
     Cu 4 
     Fe 512 
     Mo 1.67 
1Nutrient composition of the algae meal was analyzed by the commercial laboratory 
Dairyland Laboratories, Inc. 
2Contains 57% soyhulls and 43% partially deoiled microalgae. 
3Non fibrous carbohydrate: calculated by the equation (100 – Ash – Crude Protein – Ether 
extract – NDF). 
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Table 2. Ingredient composition of finishing steer diets (% DM basis) 
  Algae meal  
 Control 14% 28% 42% Washout1 
Ingredient      
     Dry-rolled corn 59.5 45.5 31.5 17.5 43.5 
     MDGS2 25.5 25.5 25.5 25.5 25.5 
     Hay 10 10 10 10 10 
     Algae meal3 - 14 28 42 - 
     Soyhulls - - - - 16 
     DDGS4 2.96 2.96 2.96 2.96 2.96 
     Limestone 1.58 1.58 1.58 1.58 1.58 
     Salt 0.31 0.31 0.31 0.31 0.31 
     Rumensin5 0.014 0.014 0.014 0.014 0.014 
     Vitamin A premix6 0.11 0.11 0.11 0.11 0.11 
     Trace mineral premix7 0.024 0.024 0.024 0.024 0.024 
Calculated composition8      
     Crude protein 13.0 13.2 13.5 13.7 13.7 
     NDF 19.7 24.4 29.2 33.9 29.3 
     Ether extract 4.8 5.6 6.4 7.2 4.7 
Analyzed composition9       
     Cu, mg/kg 7.4 6.5 7.7 5.2 5.6 
     Fe, mg/kg 100.7 163.4 208.4 256.2 176.3 
     Mn, mg/kg 27.3 35.2 40.4 42.8 28.8 
     Zn, mg/kg 54.3 62.7 62.1 64.8 43.2 
     S, % 0.26 0.31 0.33 0.38 0.28 
1All cattle received this diet for the last 3 days prior to harvest.  
2Modified corn distillers grains with solubles, analyzed to contain 6.72% fat and 0.84% S. 
3Contains 43% partially deoiled microalgae and 57% soyhulls. 
4Dried distillers grains with solubles; carrier for micro-ingredients. 
5Provided 200 mg monensin·steer-1·d-1 (Elanco Animal Health, Greenfield, IN). 
6Contained 4,400,000 IU/kg Vitamin A premix. 
7Provided per kilogram of diet DM: 10 mg of Cu (copper sulfate), 30 mg of Zn (zinc sulfate), 20 mg 
of Mn (manganese sulfate), 0.5 mg of I (calcium iodate), 0.1 mg of Se (sodium selenite), and 0.1 mg 
of Co (cobalt carbonate). 
8Based on ingredient analysis from Dairyland, Inc., Arcadia, WI. 
9Monthly composites for each treatment were analyzed at Iowa State University, Ames.  
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Table 3. Effect of increased inclusions of algae meal on BW, gain, and efficiency of finishing 
steers 
  Algae meal  P-value 
 Control 14% 28% 42% SEM Control 
vs Algae 
Linear Quadratic 
Live performance1         
      Initial BW, kg 431.6 431.0 432.1 434.3 2.39 0.76 0.40 0.56 
      Final BW, kg 615.5 613.7 615.0 614.5 2.90 0.74 0.89 0.83 
      DMI2 kg/d 12.66 13.44 13.84 14.37 0.146 <0.001 <0.001 0.39 
            d 0 to 28 12.45 12.98 13.27 13.64 0.239 0.008 0.003 0.74 
            d 28 to 56 12.78 13.76 14.46 14.61 0.177 <0.001 <0.001 0.03 
            d 56 to 74 12.63 13.61 13.98 14.65 0.193 <0.001 <0.001 0.43 
            d 74 to 102 12.84 13.46 13.78 14.53 0.184 <0.001 <0.001 0.72 
      ADG3 kg/d 1.80 1.78 1.79 1.77 0.039 0.60 0.66 0.90 
            d 0 to 28 2.08 1.94 1.87 1.70 0.105 0.07 0.03 0.86 
            d 28 to 56 1.90 1.90 1.90 1.90 0.068 0.93 0.95 0.95 
            d 56 to 74 1.92 1.84 1.59 1.66 0.081 0.03 0.01 0.36 
            d 74 to 102 1.60 1.71 1.95 1.95 0.052 <0.001 <0.001 0.30 
      G:F4 0.143 0.134 0.130 0.123 0.0022 <0.001 <0.001 0.64 
            d 0 to 28 0.161 0.143 0.136 0.120 0.0068 0.003 <0.001 0.93 
            d 28 to 56 0.143 0.133 0.127 0.124 0.0048 0.01 0.001 0.43 
            d 56 to 74 0.146 0.130 0.110 0.109 0.0062 <0.001 <0.001 0.22 
            d 74 to 102 0.125 0.127 0.142 0.134 0.0029 0.02 0.006 0.11 
Carcass adjusted 
performance5 
        
      Final BW, kg 616.7 615.4 615.3 611.4 3.30 0.50 0.30 0.70 
      ADG, kg/d 1.81 1.79 1.80 1.74 0.053 0.41 0.20 0.60 
      G:F 0.143 0.134 0.130 0.121 0.0023 <0.001 <0.001 0.91 
Dietary energy 
values1,6 
        
      ME, Mcal/kg 2.03 1.91 1.88 1.81  0.025   <0.001  <0.001   0.29 
      NEg, Mcal/kg 1.37 1.26 1.24 1.18  0.022   <0.001  <0.001   0.30 
1A 4% shrink was applied to live BW.  
2Overall measures as determined by repeated measures analysis; Treatment by date (P = 0.10). 
3Overall measures as determined by repeated measures analysis; Treatment by date (P = 0.002). 
4Overall measures as determined by repeated measures analysis; Treatment by date (P < 0.001). 
5Carcass adjusted performance values are based on final BW calculated from HCW divided by the 
average dressing percent of 64%; a 4% shrink was applied to initial live weights. 
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6Energy values calculated based on cattle performance, using equations by Plascencia et al. (1999).  
Table 4. Effect of algae meal on bovine plasma mineral and liver mineral concentrations after 
96 d on diets 
  Algae meal  P-value 
 Control 14% 28% 42% SEM Control 
vs Algae 
Linear Quadratic 
Plasma mineral1, 
mg/L 
        
     Cu 1.24 1.28 1.24 1.28 0.053 0.67 0.72 0.97 
     Fe 2.18 2.19 2.47 2.51 0.191 0.37 0.16 0.94 
        Zn 1.22 1.12 1.33 1.32 0.046 0.56 0.03 0.30 
     Mg 24.11 23.23 24.00 23.04 0.531 0.31 0.34 0.94 
Liver mineral1, 
mg/kg DM 
        
     Cu 219.7 228.3 204.0 204.8 14.12 0.68 0.30 0.79 
     Fe 135.5 144.7 137.6 164.1 10.67 0.32 0.13 0.43 
     Zn 105.4 102.8 101.0 102.1 6.12 0.64 0.67 0.76 
     Mn 8.1 8.8 8.5 7.9 0.33 0.43 0.72 0.06 
1Values determined at d -1 for mineral analysis were used in a covariate analysis. 
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Table 5. Effect of increased inclusions of algae meal on carcass characteristics of finishing steers 
  Algae meal  P-value 
 Control 14% 28% 42% SEM Control 
vs Algae 
Linear Quadratic 
HCW, kg 396 395 395 393 2.1 0.50 0.30 0.70 
Dressing percent 64.3 64.4 64.2 63.9 0.19 0.45 0.10 0.32 
12th-rib back fat, cm 1.54 1.50 1.54 1.38 0.052 0.29 0.08 0.24 
KPH, % 2.60 2.49 2.50 2.42 0.043 0.02 0.02 0.81 
LM area, cm2 87.2 86.5 86.9 87.1 1.07 0.79 0.94 0.65 
Yield grade 3.25 3.19 3.19 2.88 0.100 0.17 0.02 0.23 
Marbling score1 448 460 469 451 10.3 0.32 0.70 0.17 
Quality grade2 2.95 3.07 3.17 2.95 0.108 0.38 0.85 0.14 
1Marbling scores: slight: 300, small: 400, modest: 500. 
2Quality grade: 2: Select+, 3: Choice-, 4: Choice.  
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Table 6. Effect of algae meal on fatty acid percentages and ratios of the longissimus 
thoracis collected from steers after 102 d on diets 
  Algae meal  P-value 
Fatty acid 
composition 
Control 14% 28% 42% SEM Control 
vs Algae 
Linear Quadratic 
SFA, %1 44.22 42.72 43.74 42.00 0.759 0.13 0.11 0.88 
MUFA, %2 43.64 43.78 44.73 44.82 1.072 0.52 0.36 0.98 
PUFA, %3 7.77 7.87 7.23 8.20 0.758 1.00 0.85 0.57 
PUFA:SFA 0.18 0.19 0.17 0.20 0.022 0.75 0.62 0.62 
n3, %4 1.15 0.55 0.63 0.74 0.223 0.06 0.27 0.13 
n6, %5 6.28 6.99 6.24 7.15 0.762 0.57 0.59 0.89 
n6:n3 15.31 25.97 17.09 15.01 3.615 0.35 0.55 0.10 
AI6 0.71 0.66 0.66 0.61 0.021 0.02 0.005 0.92 
Other, %7 4.42 5.59 4.30 4.98 0.713 0.52 0.91 0.73 
Lipid, %8 4.13 4.54 4.51 3.95 0.588 0.77 0.83 0.42 
1Saturated fatty acid calculation, sum of C10:0, C12:0, C13:0, C14:0, C15:0, C16:0, C17:0, 
C18:0, C20:0, C22:0, C23:0, C24:0. 
2
 Monounsaturated fatty acid calculation, sum of: C14:1n5, C16:1n7, C17:1n9, C18:1t6 & t9, 
C18:1t10, C18:1t11, C18:1t12, C18:1t15, C18:1c9, C18:1c11, C18:1c12, C18:1c13, C20:1n11. 
3
 Polyunsaturated fatty acid calculation, sum of: C18:2n6, C18:3n3, C18:3n6, C20:2n6, C20:3n6, 
C20:3n3, C20:4n6, C20:5n3, C22:5n3, C22:6n3, c9–t11 CLA. 
4
 Omega 3 fatty acid calculation, sum of: C18:3n3, C20:3n3, C20:5n3, C22:5n3, and C22:6n3. 
5
 Omega 6 fatty acid calculation, sum of: C18:2n6, C18:3n6, C20:2n6, C20:3n6, and C20:4n6. 
6
 Atherogenic index is calculated: ((C12:0 + (4 ∗ C14:0) + C16:0)/(% MUFA + % PUFA)). 
7Indicates the percent of unidentified peaks. 
8Percent lipid of steaks based on fatty acid extraction. 
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Table 7. Effect of algae meal on individual fatty acid composition (mg fatty acids/ 100 g fresh 
meat) of the longissimus thoracis collected from steers after 102 d on diets 
  Algae meal  P-value 
Fatty acid 
composition 
Control 14% 28% 42% SEM Control 
vs Algae 
Linear Quadratic 
10:0 4.89 3.87 4.15 3.53 0.355 0.02 0.03 0.58 
12:0 5.78 5.30 5.08 3.75 0.403 0.03 0.003 0.30 
14:0 264.9 241.7 250.2 223.8 12.8 0.09 0.06 0.90 
14:1n5 57.77 47.70 44.58 41.99 4.557 0.02 0.02 0.42 
15:0 30.10 29.39 28.47 30.15 1.393 0.64 0.90 0.41 
16:0 2577.4 2444.2 2416.6 2325.7 39.85 <0.001 <0.001 0.60 
16:1n7 294.5 271.1 262.3 246.2 9.78 0.007 0.003 0.71 
17:0 89.82 84.98 82.75 88.70 3.114 0.24 0.69 0.10 
17:1n9 68.89 55.95 59.87 63.65 4.38 0.09 0.55 0.07 
18:0 1436.5 1449.9 1572.3 1511.0 48.22 0.20 0.13 0.45 
18:1c9 3520.6 3534.9 3626.6 3573.9 110.5 0.66 0.62 0.77 
18:1c11 13.66 13.49 13.24 12.73 0.585 0.46 0.25 0.77 
18:1c12 27.58 25.37 23.27 24.07 1.888 0.16 0.17 0.50 
18:1c13 10.04 9.96 10.53 8.57 0.640 0.64 0.20 0.16 
18:1t10 and t111 121.3 157.3 204.9 239.6 18.75 0.002 <0.001 0.97 
18:1t12 16.51 17.62 20.55 17.55 1.108 0.12 0.24 0.08 
18:1t15  103.10 98.02 85.58 87.37 2.268 <0.001 <0.001 0.15 
18:2n6 566.5 632.2 567.9 646.7 66.50 0.53 0.56 0.92 
CLAc9,t112 20.53 21.73 24.53 20.35 2.078 0.49 0.81 0.21 
CLAc10,t122 12.97 10.83 12.25 10.50 1.309 0.25 0.32 0.88 
18:3n3 and 
20:1c111 
26.41 25.75 26.43 33.12 2.534 0.50 0.08 0.16 
18:3n6 2.55 2.66 1.12 2.11 0.704 0.56 0.43 0.68 
20:0 8.59 9.41 10.30 9.73 0.492 0.04 0.06 0.17 
20:2n6 1.78 9.91 10.22 10.52 0.923 0.60 0.91 0.53 
20:3n6 30.79 32.95 28.23 36.51 5.799 0.79 0.64 0.60 
20:4n6 0.213 0.495 0 0.106 0.235 0.96 0.45 0.71 
22:0 1.57 1.62 0.83 1.41 0.795 0.76 0.72 0.74 
22:1 103.40 120.62 94.50 133.57 24.47 0.66 0.56 0.66 
22:4n6 17.39 20.75 15.75 19.08 3.038 0.75 1.00 1.00 
22:5n3 21.98 24.18 20.00 27.94 4.883 0.72 0.54 0.56 
22:6n3 92.97 30.83 43.16 46.14 23.02 0.06 0.23 0.17 
23:0 0 0.097 0 0.274 0.148 0.48 0.29 0.56 
24:0 2.73 1.67 3.16 2.30 0.669 0.65 0.95 0.88 
24:1 0.275 0.302 0.124 0 0.198 0.57 0.27 0.71 
1Peaks eluted together during analysis. 
2CLA, Conjugated linoleic acid. 
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CHAPTER 5. 
GENERAL CONCLUSIONS 
   
Algae meal is a novel feedstuff that offers a unique combination of protein, fiber, and 
fat; however, this feedstuff which might otherwise be characterized as a waste product, has 
previously not been utilized in ruminant diets. The ruminant animal has the ability to convert 
fibrous feedstuffs into nutritious animal protein via fermentation, allowing them to be an 
ideal model in which to assess this novel feedstuff. Algae meal is comprised of both partially 
deoiled microalgae and soyhulls; however, it is unknown how the PDM portion of ALG may 
be contributing to the overall quality of ALG a ruminant feedstuff. The inclusion of these two 
parts can vary, and the current research was conducted ALG comprised of either 57% PDM 
and 43% soyhulls or 43% PDM and 57% soyhulls.  An initial experiment was designed using 
ALG containing 57% PDM to determine the impact of replacing soyhulls with the PDM 
portion of ALG on lamb total tract nutrient digestibility. However, since PDM is not 
commercially available to producers separate from soyhulls the whole product was used for 
the current research. As ALG would likely serve as a replacement for corn in feedlot diets, 
the second experiment evaluated the effects of ALG with 57% PDM when fed at the expense 
of corn on total tract nutrient digestibility in finishing lambs. Additional research included 
the impacts of ALG with 43% PDM on feedlot steer performance, mineral status, and carcass 
characteristics. Also, since the ruminant diet can directly influence subsequent carcass 
characteristics steak fatty acid composition was evaluated.  
In all trials ALG was readily consumed by animals with minimal sorting and feed 
refusals suggesting that palatability and preference are of minimal concern for this feedstuff. 
Results suggest that ALG is highly digestible by lambs, however changes in digestibility of 
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specific nutrients suggest that ALG is more characteristic of a concentrate rather than a 
fibrous feedstuff. Though not dramatic, in both digestibility trials, lamb DM and OM 
digestibility linearly decreased as ALG was added to the diet. In Exp. 1 this decrease was 
likely driven by the decreases in fiber digestibility as PDM replaced soyhulls in the diet. 
Even though both fiber and N digestibility decreased as PDM increased in the diet, overall 
impacts on DM digestibility were relatively small. This is largely due to the similar NFC 
digestibility observed across diets and the fact that ALG diets contain a greater portion of 
NFC. However, in Exp. 2 this decrease in overall DM digestibility may be best explained by 
the decrease in NFC digestibility noted as ALG replaced corn in the diet, as dietary NFC 
decreased 35% from the CORN to ALG60 treatment. However, it is also unknown what 
sugars and potentially rapidly fermentable carbohydrates comprise the NFC component of 
ALG and further research into this composition may help with the classification and 
utilization of this novel feedstuff. 
An intriguing quadratic effect for fiber digestibility also occurred in Exp. 1 which was 
likely driven by the lesser fiber digestion by the PDM30-fed lambs, as the other treatments 
displayed a less acute decrease in fiber digestion compared to the control-fed lambs. This 
effect may have been driven by negative associative effects that are commonly noted in diets 
containing both grain and fibrous feedstuffs, such as that fed in Exp. 1. However, in Exp. 2 
fiber digestibility increased by approximately 13% as ALG was added to the diet. This 
enhancement of fiber digestibility may simply be associated with the highly digestible nature 
of NDF in soyhulls or a component of the increased NDF content of ALG compared to corn. 
Additionally, across both treatments a decrease in N digestibility was observed and in Exp. 1 
N retention linearly decreased as ALG increased in the diet, suggesting the potential for 
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decreased growth. Ultimately, further research will be required to determine the effects ALG 
may have on ruminal pH as well as the contribution to total tract digestion from unique sites 
within the gastrointestinal tract to better identify the effects ALG may have on nutrient 
digestibility.  
The feedlot study was conducted in an effort to further classify this novel feedstuff 
using more animals under more practical conditions. Both ADG and G:F data displayed a 
treatment by time interaction. This was largely driven by the last 28 day of the trial. For the 
period of d 0-28 and 56-74, ADG was greater for the corn-fed steers and they consumed less 
feed than steers receiving any amount of dietary ALG. However, this effect was completely 
reversed in the last 28 days of the trial, where ADG was greater for the ALG-fed steers, and 
even though these steers still had a greater DMI, their feed efficiency was improved over 
corn-fed control steers. During the last 28 days of the trial all steers were also fed the beta-
agonist ractopamine hydrochloride (Optaflexx). The reversal in cattle growth trends due to 
treatment during this period may be due to the stage of growth of the cattle at the start of 
Optaflexx feeding or may indicate a potential synergy between some component of ALG and 
this particular growth enhancing technology. Another possible reason for the improved gain 
during the Optaflexx feeding period is the increase in plasma Zn concentrations noted in the 
ALG-fed steers, as previous research has suggested a potential positive interaction between 
Optaflexx and Zn status of cattle. Additional research is needed to further evaluate this 
potential interaction. 
 Overall ALG had no effect on final BW or HCW suggesting that ALG can replace 
corn without affecting growth potential of cattle. However, steers fed ALG had to consume 
more DM to achieve similar gains as corn-fed cattle, indicating that ALG may have a lesser 
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feeding value than that of corn. Additionally, energy values (ME and NEg) calculated based 
on live BW and mean pen performance, were greater for the CON diet and linearly decreased 
as ALG increased in the diet. Consideration should be given to the fact that the ALG utilized 
in this trial only had 43% PDM and was comprised of 57% soyhulls; this greater amount of 
soyhulls may have depressed the energy of this feedstuff, as the major portion of the NFC 
and fat, which would provide addition energy to the diet, are found in the PDM portion of 
ALG. Therefore, it is likely that the energy value and potential feeding value of ALG may 
increase as the inclusion of soyhulls decreases. However, further research will need to be 
conducted as ALG continues to evolve and the ratio of PDM to soyhulls changes. 
Interestingly, backfat and yield grade of cattle was decreased in the ALG42 cattle, meaning 
these steers still achieved an adequate marbling score while having a lesser amount of 
undesirable backfat. It appears that ALG will have limited impact on carcass characteristics 
when compared to corn-fed cattle. Recently, the composition of fatty acids in meat and 
methods to improve this composition have become important due to their implications in 
human health. While ALG had no effect on the concentrations of SFA, MUFA, PUFA, and 
the ratio of PUFA-to-SFA, cattle fed ALG did have a lesser, more favorable, AI and this 
index decreased as more ALG was added to the diet. Algae meal may offer the opportunity to 
alter the fatty acid profile of meat, thus offering a product with increased health benefits. 
Overall, ALG may serve as a replacement for corn in feedlot diets with minimal effect on 
live and carcass based performance. Interestingly, the ALG14 treatment was not largely 
different from the CON-fed cattle, thus more work is needed to refine the optimal inclusion 
of ALG in feedlot diets. As ALG appears to have a positive impact on DMI, this feedstuff 
may play an additional role in receiving cattle when optimal intakes are of the utmost 
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importance. However, additional research will be required to determine how this feedstuff 
will be best utilized in the livestock industry, including synergies with other feedstuffs and 
commonly utilized technologies, and supplementation of high forage diets. Alae meal may 
offer the unique opportunity to replace portions of cereal grains in animal diets and may 
contribute to animal production and help to maintain human food security.  
